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INTRODUCTION AND OBJECTIVES

1 Introduction and Objectives

Distillers Dried Grains and Solubles (DDGS) have become an important product for the animal
feed industry, particularly due to the recent increase in bioethanol production (Liu, 2011; OECD-
FAO Agricultural Outlook, 2014). With regards to global trade, nutrient specifications need to be
guaranteed and, therefore, quality standards for DDGS are tested by methods of chemical analysis
(Thiex, 2012). In addition, paper documentation and electronic traceability systems list further
information on DDGS, such as place of production, date of production and storage stability, or the
designation of particular methods of production applied (e.g., heat treatment) or raw materials used
(e.g., genetically modified corn). However, most of the information specified in electronic/paper
information systems cannot be proven by analytical methodology yet. Also with regards to the high
variability in DDGS composition, the various production technologies and sometimes long supply
chains (Spiehs, Whitney and Shurson, 2002; Belyea et al., 2010; Buckner et al., 2011), reliable

analytical approaches to verify the information provided could be of valuable use.

In this respect, analytical authentication approaches have demonstrated suitability in the food sector
and a magnitude of applications already exists here (Lees, 2003; Esslinger, Riedl and Fauhl-Hassek,
2014). In particular, multivariate analysis of spectroscopic and spectrometric data showed
successful strategies to the authentication of food matrices (Leardi, 2003). In order to develop
strategies for authentication of DDGS, attenuated total reflection Fourier Transform Infrared
spectroscopy (FT-IR spectroscopy) and Isotope Ratio Mass Spectrometry (IRMS) have been
applied in this dissertation. These two techniques have commonly been used in authentication of
agricultural and food products (Karoui ef al., 2008; Vermeulen et al., 2010; Kelly, 2003) and,
therefore, should be promising to the authentication of DDGS.

Authentication of DDGS in this thesis concentrated on the botanical and geographical origin of
DDGS, as well as the method of production, i.e., bioethanol production vs. alcoholic beverage
production. For this purpose, DDGS were collected from various sources and countries of origin
and analytical data need to be evaluated in univariate and multivariate statistical approaches. Since
statistical models developed in authentication studies always should be updated and carefully
validated (Downey, 1996; Riedl, Esslinger and Fauhl-Hassek, 2015), authentication approaches
were continuously compared on different sample sets and different validation methods were
considered. In this way, the authentication strategies developed in this thesis could be assessed for

final and future use in the field of chemical analysis of DDGS.

Moreover, FT-IR spectroscopy was employed together with multivariate data analysis for non-
targeted detection of DDGS ingredients. Multivariate pattern recognition techniques already
showed potential for detection and determination of ingredients or compound classes in other
matrices (Murray, 1996; Honigs, 2009; Abbas et al., 2013). Therefore, in the course of this work,
FT-IR spectroscopic data should be assessed in a similar way, ideally, in order to find quantitative

information on ingredients present in DDGS.
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2 Conventional Chemical Analysis of DDGS

2.1 Chemical Analysis in the Animal Feed Sector

Methods of chemical analysis have traditionally been used for determination of the nutritive value
of animal feeds. Besides contamination of feeds with bacteria and fungi (microbiological concerns)
or toxic ingredients, general composition of the diets has always been a significant factor with
regard to animal health and animal production. With the beginning of ‘scientific agriculture’ in the
19th century, animal nutrition has started to be based on knowledge of single nutrients present in
animal feed. The effects of nutrients on the rearing of different animal species and the advantages
of additives (supplements) for special purposes have become increasingly important since that time.
Chemical analysis of animal feed helped to gain a deeper understanding of animal nutrition and
information on the composition of animal feed became the basis of scientific feeding and
contributed to optimized animal performance. Thus, long time ago the development of analytical
procedures for the determination of the nutritive values, or rather for the chemical composition of
animal feeds was initiated. (Midkiff, 1984; Mueller-Harvey, 2004) Besides the analysis of nutrients,
the determination of single additives (e.g., minerals, vitamins, drugs) and undesirable substances
(e.g., mycotoxins, heavy metals) have become more important over the years. Nowadays, methods
of chemical analysis also are applied to ensure the conformity of animal feed with legislation and
quality assurance systems of feed business operators. In general, many different aspects have to be

considered and play a role in the chemical analysis of animal feed (Figure 1).
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Figure 1: Important factors for chemical analysis of animal feed.
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One of the most well-known organizations in the field, the Association of Official Analytical
Chemists (AOAC), originally named Association of Official Agricultural Chemists, began to pay
attention to the analysis of animal feed already in the year 1886, two years after its foundation.
(Midkiff, 1984) From the very beginning, the interest of AOAC in crops and animal feed went
along with a discussion about the agreement on methods of chemical analysis to obtain comparable
data and valid results. Later on, this resulted in a collection of analytical procedures for different
kinds of commodities and different analytes, the Official Methods of Analysis of AOAC
INTERNATIONAL. Besides AOAC, other organizations, such as the Association of German
Agricultural Analytic and Research Institutes (VDLUFA), set standards in the field, decades before
international harmonization was faced. Nowadays, methods of analysis for animal feed are ideally
standardized on an international level by the International Organization for Standardization (ISO)
or the European Committee for Standardization (CEN). Furthermore, the European Union
regulated the methods of sampling and analysis for the official control of feed in Commission

Regulation No 152/2009, which is in many cases consistent with the respective ISO/CEN standards.

Scientific milestones with regard to the chemical analysis of animal feed have been the results of
Henneberg and Stohmann in 1860 (Henneberg and Stohmann, 1860), later referred to as ‘Weende
scheme’, and the findings of van Soest in 1963/1967 (van Soest, 1963; van Soest, 1967), later
referred to as ‘van Soest scheme’. The Weende scheme introduced the determination of the
principal constituents crude protein (CP), crude fiber (CF), crude fat, crude ash and nitrogen-free
extractives besides the moisture content respectively the dry matter (DM) of animal feed by the
conventional, so-called ‘wet chemistry’ methods (Table 1). Already in the year 1860, Henneberg
and Stohmann highlighted the importance of the “chemical composition” of animal feed when
considering “economic or supposed progress” (Henneberg and Stohmann, 1860). One century later,
van Soest developed methods able to distinguish between neutral detergent fiber (NDF) and acid
detergent fiber (ADF), thus leading to an extended differentiation of structural carbohydrates
(Table 1). Besides cellulose and lignin, recognized as crude fiber before, NDF additionally includes
hemicelluloses, which are branched polymers of different sugars and are causing big differences
with regard to digestibility of animal feed also. (Balthrop et al., 2011) Several other constituents
listed in Table 1, such as starch, lignin or organic acids had been included in the analysis scheme
together with the respective methods over the following decades. With regard to the compositional
analysis of animal feed, however, the basic parameters of the Weende and van Soest schemes are

still of importance in practice.

Apart from the parameters mentioned, evaluation of animal feed with regard to gross/net energy,
general digestibility, degradable, undegradable and metabolizable protein have always been related
to methods of chemical analysis, although these values were not/could not necessarily be analyzed
by the respective methods directly. In contrast, estimations or calculations on the basis of single
nutrients often stand behind these parameters in terms of ‘feed evaluation’. Nutrients for these
calculations have been determined mostly by the wet chemistry methods, of course, in accordance
with the ‘Weende’ and ‘van Soest’ schemes. Besides the multitude of wet chemistry methods for

the determination of constituents, near infrared reflectance spectroscopy (NIRS) has also been used



CONVENTIONAL CHEMICAL ANALYSIS OF DDGS

for the respective analyses. NIRS had been applied firstly for the analysis of nutrients and
digestibility related parameters in forages by Norris in 1976 (Norris, Barnes, Moore and Shenk,
1976; Norris, 1992) and has been used extensively for more than 20 years for the compositional
analysis of animal feed. Moreover, NIRS has shown potential for the prediction of the more
complex parameters, such as energy values, amino acids or specific minerals (Givens and Deaville,
1999).

Table 1: Weende and van Soest schemes for analysis of animal feed constituents, adapted from Balthrop et al. (2011).

Constituents Weende scheme Van Soest scheme

water moisture -

protein )
. crude protein
non-protein N

lipids o
crude fat
pigments
neutral detergent soluble

starch
sugars
organic acids nitrogen-free extractives

pectin

hemicellulose neutral

cellulose detergent
acid detergent fiber

fiber (ADF)

lignin crude fiber
fiber-bound N

insoluble ash

(NDF)

crude ash silica
soluble ash

In addition to the parameters of ‘chemical composition’ and ‘feed evaluation’, there had been a
rising demand to develop analytical methods for the determination of minerals and additives, which
occur as minor components in animal feed, but nonetheless have a high impact on the nutrition of
the different animal species. As the focus of interest in the animal feed sector was always driven by
the question how animal performance could be forced up and production could be made more
efficient (Henneberg and Stohmann, 1860; Balthrop ef al., 2011), the beneficial use of both
minerals and additives in animal feed had been practiced. Although the occurrence of different
minerals had already been tackled by researchers in the early days of scientific agriculture
(Henneberg and Stohmann, 1860), research on major minerals (i.e., Ca, P, Mg, K, Na, Cl, S) and
trace elements (i.e., Fe, Cu, Zn, Mn, Co, I, Se) deepened over the decades (Midkiff, 1984). The
respective methods of analysis have continuously developed since the 1920s and have adapted to
technical and scientific progress from titration to highly-sophisticated techniques based on
spectroscopic or mass spectrometric detection. On the other hand, the use of ‘non-mineral’
additives in animal nutrition has been and still is going to be a fundamental issue (e.g., vitamins,
preservatives, antibiotics, veterinary drugs, herbs and spices). As it is for minerals, methods of

chemical analysis for different compounds added to animal feed have been continuously developed,
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also due to legislative regulation (e.g., Regulation 152/2009). Since the publication of the very first
methods for the analysis of vitamins in 1940 and drugs in 1950 (Midkiff, 1984), chemical analysis
of feed additives has expanded and in the meantime covers the full range of modern analytical

techniques, such as diverse chromatographic and mass spectrometric technologies.

However, modern feed analysis not only pays attention to compositional parameters, the nutritive
value and minor components of animal feed. In recent years, undesirable substances have been
targeted, “[...] which are present in and/or on the product intended for animal feed and which
present a potential danger to animal or human health or to the environment or could adversely
affect livestock production.” (Balthrop ef al, 2011, p. 82) Such undesirable substances derive
either from the cultivation of plants, e.g., pesticides, heavy metals, mycotoxins, or from the
processes after harvest, e.g. plastics, mycotoxins produced during storage. Also, contamination of
animal feed with dioxins or polychlorinated biphenyls (PCBs) are of current interest (Hoogenboom,
2012). These compound classes can occur in animal feed firstly due to contamination of crops by
factory fumes (incineration of waste) or smoke during fire accidents but secondly due to
contamination of feed ingredients by (un)intentional addition of waste oils. A prominent example
for contamination of animal feed with PCBs/dioxins happened in Belgium in 1999, when a feed
business operator added oil, most likely from discarded transformers, containing PCBs and dioxins
to melted animal fat from slaughterhouses (Bernard ef al., 1999; van Larebeke efal., 2001).
Another issue that has to be addressed, not only because of recent incidents, is the intentional
adulteration of animal feed (ingredients) with chemicals such as melamine. In 2007, melamine has
been found in pet food from the USA (protein isolates delivered from China) and in 2008 in
organic soya expeller originating from China delivered to France, Germany and the United
Kingdom (Hilts and Pelletier, 2009; Food Standards Agency, 2014).

It is obvious that chemical analysis of animal feed these days does not only involve the basic
parameters related to animal nutrition. Moreover, methods of chemical analysis are related to feed
safety and feed security, for example, in terms of crises due to undesirable substances,
contaminants or fraud. Last but not least, the effect of animal feed in the whole food chain, the so-
called ‘from-farm-to-fork-principle’, is considered of great importance. Official organizations have
recognized current and future risks that might be associated with animal feed due to the
consumption of food of animal origin, and tighten rules for single substances in animal feed
together with requirements for the respective analytical procedures. Besides general requirements
on animal feed with regard to feed safety (e.g., European Regulation 178/2002) and maximum
levels of additives in animal feed (e.g., European Regulation 1831/2003, Directive 70/524/EEC),
maximum levels for contaminants and residues (MRLs) have been regulated in many countries
(e.g., European Directive 2002/32/EC, European Recommendation 2006/576/EC). The respective
methods of analysis are recommended or often compulsory for official control by means of specific
regulations (e.g., Commission Regulation No 152/2009). Apart from legislation, feed business
operators have realized that methods of chemical analysis could not only be used for pricing but
even more for improved monitoring of both feed quality and feed safety. Also, early stage control

of animal feed in harbors or feed mills, in view of the increasing globalization of trade, is a crucial
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point. In conclusion, methods of chemical analysis in the animal feed sector have improved
significantly, but at the same time the historic wet chemistry methods for determination of nutrients

are still in place and are often used as ‘reference’.

2.2 Chemical Analysis of DDGS

Utilization of DDGS in Livestock Feeding

Distillers Dried Grains and Solubles (DDGS) are by-products of the alcoholic beverage production
(e.g., whiskey, vodka) or the production of fuel ethanol (Figure 2). DDGS are obtained by drying
the solid residues of fermented grains (e.g., corn, wheat, barley), which remain in the distillation
pot, and to which pot ale syrup or evaporated spent wash, the so-called Solubles, have been added
(Commission Regulation 68/2013). Distillers Wet Grains (DWG) and Distillers Wet Grains and
Solubles (DWGS) result from the same process when the drying step is omitted, and show much
higher moisture contents than DDGS (DWGS/DWG: 50-70 %, DDGS: 10-15 %; Dicostanzo and
Wright, 2012). If DWG are dried but the Solubles are not added, this leads to Distillers Dried
Grains (DDGQG). All these by-products of the alcohol production are subsumed under the term
‘Distillers Grains’ (DG).

CEREALS PRODUCTION ETHANOL

H O~y

H
H H

AR .
zl' \

> Y
p===Alcoholic
Beverages

Bioethanol

FEEDING (GLOBAL) TRADE DDGS

Figure 2: Production and utilization of DDGS.
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Distillers Grains have traditionally been used in the rearing of animals in regions where distilleries
produced alcoholic beverages and have been fed at feedlots next to production plants, especially in
the wet forms (DWG/DWGS). More recently, Distillers Grains are also fed close to places of fuel
ethanol (= bioethanol) production, which has rapidly grown in the last years and accounts for the
clear majority (98 %) of the production volume in North America (Shurson et al., 2014/unknown).
However, production volume increased in such a way, that especially fuel ethanol producers also
dry the by-products and ship them to regions far from the ethanol plants (Figure 2), for both
domestic and international use (Saunders & Rosentrater, 2009). The share of DDGS in the total
amount of DG varies by plants, regions and countries, but the dried forms of DG benefit from an
extended shelf-life (US Grains Council, 2012a).

In 2012, production of DDG/DDGS has reached nearly 37 million tons in the USA, 3.5 million
tons in the European Union and 1.2 million tons in Canada and China respectively (OECD-FAO
Agricultural Outlook, 2014), representing the most important producers of Distillers Grains. The
US production is not only limited to domestic use but also takes advantage of export to China and
several other countries, with a recent volume of more than 9 million tons (US Grains Council,
2014). Forecasts until 2020 expect the total production volume of DDG/DDGS to increase globally
to 61 million tons, with 47 million tons in the US, 7.7 million tons in the EU, 1 million tons in
Canada (unchanged to 2012) and up to 2.5 million tons in China and the rest of the world (OECD-
FAO Agricultural Outlook, 2014; Jensen, Bjornsson and Lind, 2012). Of course, the production
volume of DDG/DDGS in 2012 only represents a limited share in the total amount of 658 million
tons of cereals (including DDG/DDGS) used for animal nutrition (OECD-FAO Agricultural
Outlook, 2014). But the percentage of 5 % at the moment might possibly increase in the next

decades, due to political efforts to push the bioenergy sector (Jensen, Bjérnsson and Lind, 2012).

Distillers Grains are used mainly in the rearing of ruminants (beef and dairy cattle), poultry, pigs
and fish in aquaculture (Liu, 2011). Furthermore, DDGS are ingredients for compound feed as they
feature a high content of protein and oil, but a negligible content of starch (Table 2), being of
general economic interest in the current struggle for protein sources in the feed sector (Liu, 2011).
However, DDGS show a high variation in their chemical composition (cf. Table 2), also with
regards to the main components protein, fiber and oil. This is due to the fact that production of
DDGS is dependent on various factors, such as the composition and the quality of the grains (e.g.,
corn, wheat, barley), which can for example vary between production years, but also on the
different production technologies applied (batch-wise fermentation vs. continuous fermentation,
liquefaction, drying), as reported before (Spichs, Whitney and Shurson, 2002; Balyea ef al., 2010;
US Grains Council, 2012a). Variation in the nutrient content of DDGS (cf. Table 2) exists within
and also among ethanol plants, even within plants using the same fermentation and production
technology (Spiehs, Whitney and Shurson, 2002; Belyea et al., 2010; Buckner ef al., 2011). As
such, variability of DDGS nutrient composition directly affects the usage of DDGS in animal
nutrition and makes the inclusion of DDGS into diets more complex than for comparable cereals

like corn or wheat.
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Table 2: Composition of DDGS. Mean values and ranges extracted or calculated from Monceaux and Kuehner (2009),
Belyea, Rausch and Tumbleson (2004), Belyea efal. (2010), Spichs, Whitney and Shurson (2002), Liu (2009),
Chrenkova et al. (2012), Westreicher-Kristen, Steingass and Rodehutscord (2012), Nuez Ortin and Yu (2009), McKeown
et al. (2010), Cozannet et al. (2010), Noblet, Cozannet and Skiba (2012).

Corn DDGS Wheat DDGS
Mean Range Mean Range

DRY MATTER (DM) 89.6 87.2-91.4 92.7 89.9-95.0
BASIC NUTRIENTS (% of DM)

Protein 30.4 25.8-33.8 37.2 30.2-43.0
Crude Fiber 8.7 7.2-10.6 8.1 59-109
Fat 11.5 5.7-16.5 4.9 36- 6.6
FURTHER COMPOUNDS (% of DM)

Ash 4.8 35- 6.7 5.1 39- 6.7
NDF 43.7 32.9-62.1 36.5 25.1-48.1
ADF 16.4 13.2-252 15.4 7.5-242
ADL 4.0 2.8- 5.0 55 2.1-13.0
Starch 4.6 32- 59 5.7 2.4-185
Na 0.26 0.12-0.51 0.23 0.08 - 0.63
K 0.98 0.69 - 1.06 1.11 091 -1.65
Mg 0.31 0.25-0.37 0.27 0.21-0.31
Ca 0.12 0.03 -0.40 0.17 0.07 - 0.39
P 0.79 0.70 - 0.99 0.86 0.75-0.97
S 0.62 0.33-0.74 0.52 0.39-0.66
Cl 0.16 0.09 - 0.19 0.15 0.12-0.17
Arginine 1.29 1.11-2.17 1.36 0.81 - 1.67
Histidine 0.79 0.72 - 0.82 0.70 0.60 - 0.79
Leucine 3.51 3.43-3.81 2.31 2.10-2.44
Isoleucine 1.14 1.05-1.17 1.23 1.18-1.28
Lysine 0.88 0.72-1.02 0.69 0.30-1.09
Methionine 0.57 0.49 - 0.69 0.52 0.47 -0.55
Phenylalanine 1.49 1.41 -1.57 1.60 1.52-1.68
Threonine 1.13 1.07 - 1.21 1.06 0.97-1.13
Tryptophane 0.25 0.21-0.27 0.38 0.31-0.44
Valine 1.53 1.43-1.57 1.52 1.43-1.58

For example, the protein content of DDGS can be highly variable among different sources but
specifications on the protein content are often necessary for the formulation of diets containing
DDGS (Belyea et al., 2010). Actual protein contents could differ clearly from average values given
for DDGS produced from different grains (corn DDGS, wheat DDGS) causing protein deficiency
or wastage and resulting in reduced animal productivity (Belyea ef al., 2010). In particular, large
amounts of high-fat Distillers Grains might have a negative impact on ruminants, as the intakes
may decrease and ruminal fermentation might be disrupted (Buckner et al., 2011; Dicostanzo and
Wright, 2012). In addition, pigs fed with DDGS of high fat content showed soft fat that also tends

to be highly unsaturated, where it could be necessary to reduce the amounts of DDGS in diets
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during the late finishing period (Stein, 2012). Further, Batal and Bregendahl (2012) reported that
DDGS could generally be used for the rearing of poultry species but care should be taken of the
high variation in nutrient content and digestibility, and thus recommended the consistent

monitoring of the nutrient composition of DDGS.

Fields of Chemical Analysis

All the facts mentioned in the previous section illustrate the need for chemical analysis of DDGS.
The different parameters that are typically analyzed and the usual ranges for those in corn DDGS
and wheat DDGS are summarized in Table 2. Generally speaking, there are three main reasons for
the analysis, as mentioned by Thiex (2012, p. 194): “[...] (1) quality standards for trading purposes;
(2) to determine nutrients for inclusion in livestock feeds; and (3) to determine contaminants that
may limit inclusion in livestock feeds.” These reasons lead to methods of chemical analysis for the
determination of (1) basic nutrients, (2) further compounds and (3) undesirable substances, and

more details of those are highlighted in the following paragraphs.

(1) Basic Nutrients

Information on the nutrient profile is imperative for trading purposes, and chemical analysis of the
respective parameters guarantees quality standards with regards to the whole supply chain (Thiex,
2012). However, as DDGS show high variation in the chemical composition, it becomes necessary
to analyze nutrients in DDGS more frequently than in comparable feed materials (e.g., coarse
grains, soybeans) in order to ensure guaranteed specifications of the product. The parameters
analyzed for this purpose are more or less the same parameters that are analyzed in animal feed as a
whole (cf. previous chapter). Dry matter, crude protein, crude fiber and crude fat, either analyzed
by wet chemistry methods or using NIRS, are the basic parameters for determination of the
nutritive value (Thiex, 2012). A number of analytical methods are in common use and have been
evaluated by intra-/ interlaboratory studies, initiated by the American Feed Industry Association
(AFIA), the Renewable Fuels Association (RFA) and the National Corn Grain Association
(NCGA), and reported by Thiex (2009; 2012). Based on the results of the intra-/interlaboratory
studies, reference methods for use in commercial trade of DDGS have been recommended and
often are representing standardized AOAC methods of analysis (Thiex, 2009). Besides these
reference methods, NIRS prediction models have been developed for determination of DDGS basic
nutrients in research (X. Zhou et al., 2012) and routine (NIRPerformance, 2013). In view of the
great variability of DDGS, it has been recommended to use NIRS for quality check of DDGS as
frequently as possible, since it offers convenient handling and could enable routine delivery checks
(Gady, 2012).
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(2) Further Compounds

The second major reason for analyzing DDGS is the inclusion of DDGS in livestock feeds. In
addition to the determination of basic nutrients, the analysis of further nutrients and other
compounds is the basis for feeding DDGS in accordance with the requirements of different species.
It enables the formulation of complex compound feeds regarding main components (e.g., protein,
fiber, oil) and minor constituents (e.g., major minerals, trace elements) at the same time. Thiex
(2012) reported that besides the basic nutrients, the analysis of detergent fibers (NDF, ADF and
lignin), ash, major elements and trace elements, amino acids and starch are of general interest for
inclusion of DDGS in livestock feeds. The corresponding methods of analysis were discussed by
Thiex (2012) and reference methods have been recommended also on the basis of standardized
AOAC protocols. In fact, both wet chemistry methods, closely related to the methods developed by
van Soest (1963; 1967), and more sophisticated methods applying modern techniques of analysis
are involved. The latter ones include atomic absorption spectroscopy or inductively coupled plasma
atomic emission spectroscopy for the analysis of major and minor elements, ion exchange
chromatography and high performance liquid chromatography (pre- and postcolumn derivatisation)
or mass spectrometry for the determination of amino acids, and specific methods involving
fluorometry (e.g., selenium), potentiometry (e.g., chlorine) or spectrophotometry (e.g., phosphorus).
For some of the parameters and compounds mentioned above, also NIRS prediction models can be
developed by using values determined by the reference methods for calibration. NIRS is routinely
used for measurement of DM, protein, fat, fiber (CF, ADF, NDF), ash and starch in DDGS, and the
determination of DDGS fat content by NIRS was readily accepted by the feedlot industry
(NIRPerformance, 2013). Further, NIRS showed potential for the rapid determination of amino
acids in corn DDGS or the determination of phosphorus (AllAboutFeed, 2012; Tahir et al., 2012).

Moreover, chemical analysis of DDGS incorporates the quantification of the sulfur content as one
of the most important parameters with regard to the use of DDGS in animal nutrition. Large
amounts of sulfur can be found in DDGS, because (1) sulfuric acid is often used in the production
process and (2) the concentration of sulfur-containing amino acids present in the grains is
concentrated approximately by a factor of three during production (Liu, 2011). Especially fuel
ethanol plants use sulfuric acid to control the pH of the cereal mash during fermentation and/or use
sulfuric acid as cleaning agent. In this way, a considerable amount of sulfur gets into the cereal
mash in the form of sulfate, and finally into the animal feed DDGS. Shurson, Tilstra and Kerr
(2012) reported that sulfur levels in DDGS can range from 0.31 up to 1.93 % on a dry matter basis
and are much higher than the respective sulfur levels of 0.12 % in corn (Watson, 2003) and 0.14 %
in wheat (Zhao, Hawkesford and McGrath, 1999). However, ruminants are susceptible to diets high
in sulfur as high sulfur levels in the rumen can cause H,S intoxication and polioencephalomalacia
(PEM), in severe cases leading to the death (Schoonmaker and Beitz, 2012). Also, it has been
reported that both ruminants and non-ruminants show decreased feed intake and gain when feeding
a high amount of sulfur in the rations (Erickson, Klopfenstein and Watson, 2012; NRC, 2005).
Thus, quantitative information on sulfur in DDGS is of great interest to parties involved. DDGS

producers using sulfuric acid in the production particularly aim at the analysis of sulfur in order to
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establish maximum sulfur levels in their products and finally to guarantee specifications.
Quantification of sulfur is most conveniently carried out by ICP-AES (ISO 27085:2009) or is based
on determination of SO, after combustion of DDGS at high temperatures, but also the traditional
gravimetric approach can be used: oxidation of the organic sulfur compounds to sulfate, subsequent
ashing and precipitation of barium sulfate by adding barium chloride solution (AOAC 923.01), as
reported by Thiex (2012).

Another nutrient that is of great importance for the inclusion of DDGS in livestock diets is lysine.
This is due to the fact, that the available lysine content in DDGS is highly variable but at the same
time lysine is the first limiting amino acid when feeding dairy cattle and represents the most
important amino acid for monogastric species (pigs: first limiting, poultry: second limiting)
(Cromwell, 2010; Roush, 2010; Kalscheur et al., 2012). During the drying of Distillers Grains, a
major part of the lysine present reacts with reducing sugars in the Maillard reaction (Cromwell
et al., 1993; Stein et al., 2006), supported by the high drying temperatures. Air temperatures in the
dryer can be over 500 °C at the dryer inlet and over 100 °C at the dryer discharge (Rosentrater
et al., 2012). In the course of the reaction, the lysine’s g-amino group is bound by reducing sugars,
Amadori compounds (e.g., furosine) are produced and finally high molecular weight polymeric
compounds (melanoidins) are generated; the available amount of lysine in DDGS is reduced
accordingly (Pahm ef al., 2008; US Grains Council, 2012a). Methods of analysis for lysine are
typically based on hydrolysis of the protein, followed by separation of lysine using ion exchange
chromatography and detection by ninhydrin. Alternatively, HPLC methods in combination with
pre- or postcolumn derivatisation or detection by mass spectrometry could be applied (Thiex, 2012).
Another important parameter is the amount of lysine that is biologically available, also known as
‘lysine digestibility’ that could be predicted most easily by colorimetric analyses of DDGS (US
Grains Council, 2012b). Besides the color measurement, prediction equations for the ileal
digestible lysine in DDGS have been developed on the basis of furosine determination by HPLC
(Pahm et al., 2008b), using the lysine content and crude protein determined by methods of
chemical analyses (US Grains Council, 2012b) or prediction equations on the basis of NIRS (Gady,
2012).

(3) Undesirable Substances

The third reason for analyzing DDGS is the occurrence of undesirable substances or contaminants
that can limit the inclusion in livestock feeds. With regard to DDGS, the most important compound

groups are mycotoxins and antibiotic residues.

Mycotoxins are naturally occurring, secondary metabolites of molds and fungi and can be produced
during the cultivation of raw materials (i.e., corn, wheat) or if DDGS are stored under conditions
that favor the growth of molds, for example high humidity (Thiex, 2012). They can cause adverse
effects on animal and human health and regulatory levels have therefore been established for
animal feed materials (Liu, 2011; Liu, 2012; Caupert et al., 2012). The most important mycotoxins
with regard to DDGS are aflatoxins (B, B,, G; and G;) fumonisins (B;, B,, B;), trichothecenes
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(DON, T-2), zearalenone, ochratoxin A (Thiex, 2012); and their levels in DDGS could be higher
than in raw materials due to concentration during production (Liu, 2011; Caupert et al., 2012).
Respective methods of analysis aiming at the specific detection of single mycotoxin analytes (e.g.,
for the detection of fumonisins) are in use, and recently also multi-analyte methods, mainly on the
basis of HPLC and detection by fluorescence or mass spectrometry, have been developed (Zhang
et al., 2009; Caupert ef al., 2012; Thiex, 2012; Oplatowska-Stachowiak, 2015). In contrast to
bioanalytical methods that are applied for rapid screening (i.e., immunosensor-based methods,
ELISA), methods of (physico-) chemical analysis are used as confirmatory and reference methods
(Liu, 2011).

Apart from the natural occurrence of mycotoxins, another important point is the exogenous
addition of antibiotics during DDGS production. Because bacterial contamination (e.g., lactic acid
bacteria) can reduce ethanol yield and can also result in lower quality DDGS, some countries (e.g.,
USA, Canada) have permitted the use of antibiotics, such as virginiamycin, penicillin,
erythromycin or tylosin, to control the fermentation process (US Grains Council, 2012¢; Granby
etal., 2012). However, concerns are that bacteria could possibly evolve resistances to single
substances and that antibiotic residues remaining in DDGS could have a negative impact on animal
health or finally could be carried over to humans (Ziggers, 2011). Of course, DDGS have to
comply with regulatory levels for antibiotic residues or pharmaceutical drugs in animal feed (e.g.,
Regulation (EC) No 1831/2003), and antagonistic effects or negative interactions with other drugs
(e.g., combination of erythromycin with penicillin or monensin) have to be considered (US Grains
Council, 2012¢). The Food and Drug Administration of the United States (FDA) developed a multi-
method for the detection of 13 different antibiotic residues in Distillers Grains, based on two-step
extraction of analytes (aqueous EDTA-trichloroacetic acid; methanol), cleanup on SPE columns,
separation of analytes by HPLC and detection by ion trap tandem mass spectrometry (De Alwis
and Heller, 2010). Furthermore, Kaklamanos et al. (2013) developed a method for the detection of
up to 96 veterinary drugs in DDGS, including antibiotic residues, using extraction by
acetonitrile/methanol/water/formic acid followed by HPLC coupled to high resolution mass
spectrometry (Orbitrap MS). Although some antibiotics, such as virginiamycin, can be inactivated
or destroyed during the distillation or drying steps in DDGS production, studies have been
reporting the presence of antibiotic residues in Distillers Grains with detectable levels for
virginiamycin, erythromycin, tetracycline, narasin and penicillin (US Grains Council, 2012c;
Kaklamanos et al., 2013).

Further Fields and Future Developments

The analytical parameters mentioned in the sections above are representing the most important
ones with regards to the chemical analysis of DDGS. Of course, there has been a large number of
articles dealing with the determination of other substances and compound groups in DDGS, such as
the determination of vitamins (Brown et al., 2012), the consideration of different forms of
phosphor (Liu and Han, 2011) or the occurrence of free fatty acids (Moreau et al., 2010). However,

the aim of this chapter was to give an overview on the most important parameters concerning
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DDGS analysis and to highlight the most conventional parameters and methods of chemical

analysis that are in routine use for DDGS investigation.

In addition to the detection and quantification of single compounds, methods of (physico-)chemical
analysis have been used in the investigation of specific protein classes, e.g., diffuse reflectance
infrared Fourier transform (DRIFT) spectroscopy (Yu & Nuez-Ortin, 2010; Liu et al., 2012). NIRS
has also been applied to the prediction of minor constituents in DDGS and thus showed promise for
future routine applications (L.J. Zhou et al., 2012; Pekel et al., 2013). Of course, the development
of methods of analysis for the determination of undesirable compounds or nutrients that will show
correlation to reduced animal performance is steadily in progress. Also, methods of analysis that
are already used for other feed materials will be adapted to DDGS (and probably are adapted at the
moment), because the matrix DDGS is relatively new in the animal feed sector and production

volume has increased in the last few years.

Moreover, the combination of laboratory analysis with multivariate statistical data evaluation,
enabled by chemometric software tools, could provide great opportunities for the analysis of DDGS.
Especially spectroscopic techniques (e.g., NIR or MIR spectroscopy) but also highly sophisticated
analytical procedures (e.g., ultra-high separation techniques, high resolution mass spectrometry)
that acquire large amounts of data, could not only be applied by means of classical compound-
oriented analysis, but also by means of non-targeted authenticity-oriented approaches, similar to the
study of de Jong et al. (2016) on soybean meal and vegetable oils. Such approaches could lead to
the detection of abnormalities, and thus could offer the chance for detection of compounds that
have never been detected in DDGS before; either naturally present or intentionally added (i.e.,
adulterants like melamine) (cf. Murray, 1996; NIRPerformance, 2014). Most notably, rapid
screening techniques (e.g., NIR or MIR spectroscopy) that can be applied on-site, and the
availability of micro-spectroscopes (i.e., handheld devices) in particular, could lead to the
development of comprehensive strategies for analysis of DDGS that meet with future challenges in

the face of feed safety.
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3 New Methods for the Chemical Analysis of DDGS

Conventional chemical analysis of feed materials is typically aimed at the quantification of
compounds that are known to be present in the matrix, either constituents of nutritive value like
protein and fiber, or substances of anti-nutritive character like contaminants. However, most of the
methods applied in the field fail to identify feed materials, because qualitative information on the
raw material is not collected (Murray, 1996). What these methods have in common is that they are
testing for the obvious, and consequently there is a danger that unexpected analytes or more serious
flaws in a raw material remain undetected (Murray, 1996). On the contrary, methods that enable
qualitative product identification, or generally speaking, analytical approaches that target the
products authenticity, could prove whether a feed material tested is typical of its kind (Murray,
1996). If it is not, further analytical testing or traceability procedures could then be initiated, in

order to clarify the reason.

The situation is similar with regards to DDGS: Methods of chemical analysis focus on the
determination of nutrients and undesirable substances, but up to now, no methods directly address
the question whether a DDGS batch is what it is stated to be. However, the last point is of great
importance to feed business operators, because in general, qualitative analysis as the first step in
feed evaluation ensures the identity of a feed material offered for sale (Murray, 1996). With regard
to DDGS, simple information on the identity of a certain batch, for example whether it has been
produced from corn or wheat, or mixtures thereof, could be worth for parties involved and could be
the starting point for specific quantitative analysis. Also, properties that cannot be detected by
conventional chemical analysis, but represent further factors of diversity, can be of particular
interest to feed business operators, for example, place of origin, method of production or date of
production. Although such information typically is available by paper documentation and
electronic traceability systems, assurance on the information provided could become relevant for

new suppliers or if supply chains have been modified, especially in a globalized market situation.

Moreover, feed business operators might acknowledge analytical strategies that enable the
detection of abnormalities in general. The main reasons for this are: great variability in DDGS
composition, globalization of the feed market, supply of DDGS by different and thereby possibly
unknown manufacturers, as well as potential hazards that may arise in the future (Spiehs, Whitney
and Shurson, 2002; Balyea et al., 2010; US Grains Council, 2012; publication A). In this respect,
screening for abnormalities, or inversely, confirmation of the materials authenticity, could
introduce an extended system of quality assurance by analytical methods. Such systems could
initiate the search for compounds that might have been added to DDGS, for example by means of
adulteration (similar to melamine in feed), or simply indicate a quality concern, for example due to
differences in the content of single nutrients, which has been reported similarly for food and feed
applications (NIRPerformance, 2014; Baeten et al., 2014; Fernandez Pierna et al., 2015).

The starting point for these kinds of analyses is the construction of databases by collecting

analytical data of DDGS from various sources, similar to the development of spectral libraries of
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ingredients in animal feed described by Fernandez-Ibanez et al. (2009; 2010). Together with the
itemization of all relevant properties of the samples (e.g., composition, origin), the so-called meta
data, the spectral libraries could then in a second step provide the basis for a ‘conformity check’ of
newly analyzed DDGS batches. By collection of analytical data from a large number of authentic
DDGS samples, provided these derive from various origins and suppliers, libraries could be built
that represent the natural variability of DDGS and that could help to authenticate new DDGS
samples. In other words, systems that enable authentication of DDGS could lead to the information
whether a DDGS batch looks similar to DDGS batches analyzed before (e.g., same provider,
origin), or whether this DDGS batch seems to be different to previous batches. This information
could be beneficial for early-stage control of DDGS (i.e., at feedmills or feed manufacturers) in a
way that (1) further laboratory analysis of basic nutrients or specific compounds could be requested
for conspicuous batches, (2) specific proof of documents could be initiated and credibility of
provided information (composition, origin, etc.) could be confirmed and (3) DDGS delivered could
be authenticated with regard to chemical fingerprints and labeling information at the same time.
But the spectral libraries could also be used together with advanced pattern recognition software to
flag-up hazards not detected at all by conventional methods of analysis, as it has been discussed by

Murray (1996) for the application of NIRS in the animal feed sector.

3.1 Authentication using FT-IR Spectroscopy and IRMS

Authentication means to prove that something is ‘authentic’, i.e., it is “real and genuine and not a
copy [...] true and accurate [...] made to be exactly the same as the original” (Oxford Learner’s
Dictionaries, 2014), or in other words, that it is “of undisputed origin and not a copy; genuine”
(Oxford Dictionaries, 2014). Following Downey’s definition of authentic food (Downey, 1996),
authentic animal feed could be defined as animal feed that is what it purports to be, and conforms
to the description provided by the producer or processor. From a more practical point of view,
authentication comprises the comparison of a product’s properties with the labeling, and vice versa,
the verification whether the properties and characteristics specified by the labeling can be
confirmed for the product. The fundamental question that has to be answered is, whether the
product meets the criteria for membership in the class of genuine products. Besides sensory
analysis and verification of paper documentation, this can be tackled by chemical analysis, since
products in question can be compared to a set of values established as typical for the genuine
products (cf. Downey, 1996). In food control, authentication also describes “[...] the confirmation
of all requirements regarding the legal product description or the detection of fraudulent statements
[...]” (Esslinger, Riedl and Fauhl-Hassek, 2014, p. 189).

In the most basic sense, analytical authentication of agricultural and food products is realized by
evaluation of key properties or analytical parameters that are characteristic for the product in
question. For example, the quantitative analysis of different sugars (e.g., fructose, glucose, sucrose)

could confirm the identity of juice produced from a certain fruit. Also, more complex questions on
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the products provenance (i.e., botanical origin, geographical origin) could be investigated by single
analytical parameters, for example applying stable isotope ratio analysis of single elements. On the
other hand, single analytical parameters could also detect the non-conformity of a product, such as
the detection of starch, if added to meat products (e.g., chicken meat patties). Generally speaking,
single parameters can be used as ‘identifiers’ or ‘markers’ by means of verification of the products

authenticity.

However, it is easy to understand that sometimes single properties or parameters do not suffice for
describing a products authenticity, but the combination of parameters is more valuable in this
respect. For example, the consideration of isotope ratios of several elements enhances the
dimensionality of the authenticity matrix that describes the product, and often a reasonable
evaluation with regards to the products provenance only then can be made. In other words,
multivariate analysis of analytical data is often superior to the commonly used univariate approach,
especially when addressing food and feed authenticity (Leardi, 2003). For this purpose,
mathematical and statistical methods are applied to the analysis of complex analytical data,

subsumed under the expression ‘chemometrics’.

In addition, one has to distinguish between techniques that are based on the detection of marker
compounds and techniques that acquire a large amount of data, both with the aim to verify the
authenticity of a certain product. For example, the detection of single deoxyribonucleic acid (DNA)
sequences that are characteristic for animal species could enable the authentication of meat (Lees
and Popping, 2003), whereas the collection of infrared spectra from meat would usually require
further processing of the data to draw a conclusion on meat authenticity (Karoui et al., 2008). The
latter includes the use of multivariate data analysis to reveal variables, or in other words identifiers,

for the verification of the products authenticity.

3.1.1 Techniques and Strategies

Authentication has mainly been an issue in the food sector and only few articles have been
published on authentication of feed materials, such as Pinotti ef al. (2005), Bauermann et al. (2008),
Fernandez-Ibanez et al. (2009; 2010), van Ruth ef al. (2010), Tres and van Ruth (2011), Tres et al.
(2012). However, as feed materials are agricultural products, it can be assumed that the same
analytical techniques as those applied to food authentication, in principle, can be used for
authentication of feed materials. A magnitude of analytical techniques is utilized in food
authentication, but the most important groups are: (1) conventional (wet) chemistry methods, often
aimed at the specific determination of single substances (e.g., color reactions, titrimetric methods);
(2) spectroscopic techniques, in particular infrared spectroscopy (NIR, MIR), nuclear magnetic
resonance spectroscopy (NMR) and UV-Vis (ultra violet visible) spectrophotometry; (3)
chromatographic/spectrometric techniques, mainly gas chromatography (GC), high performance
liquid chromatography (HPLC) and/or combinations with mass spectrometry (MS); (4)
bioanalytical techniques, especially polymerase chain reaction (PCR), enzyme-based methods like

enzyme-linked immunosorbent assays (ELISA) or metabolome and proteome analyses; (5) stable
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isotope analysis, realized by isotope ratio mass spectrometry (IRMS) or site-specific natural isotope
fractionation nuclear magnetic resonance spectroscopy (SNIF-NMR); and (6) multi-elemental
analysis, mainly by atomic absorption/emission spectroscopy (AAS/AES) and inductively coupled
plasma atomic emission spectroscopy or mass spectrometry (ICP-OES or ICP-MS) (Schieber, 2008;
Lees, 2003).

Two techniques have been applied to the authentication of DDGS in this thesis: Fourier transform
infrared (FT-IR) spectroscopy and stable isotope ratio mass spectrometry (IRMS). The suitability
of both techniques for authentication of agricultural and food products has already been
demonstrated (Karoui efal.,, 2008; Vermeulen efal., 2010; Kelly, 2003) and therefore, the
application of these analytical techniques seemed to be promising also for authentication of DDGS.
Special attention was paid to authentication of the botanical and geographical origin, as well as the
method of production, because these three facts are generally of interest and the respective

information was available through DDGS sample suppliers.

Fourier Transform Infrared Spectroscopy (FT-IR Spectroscopy)

FT-IR spectroscopy gives information on the presence of different functional groups in molecules,
like O-H, C=0 and CHj, or generally speaking, it gives information on the molecular structure
(Shurvell, 2002). The principle behind this analytical technique is the absorption of electromagnetic
radiation between 4000 cm™ and 400 cm™ (2.5-25 um), which is due to transitions between the
quantized vibrational energy states of molecules (Griffiths, 2010). The absorption of IR radiation at
characteristic frequencies may be related to single functional groups but absorptions usually occur
at several frequencies for the same group because of the different vibrational modes (Karoui et al.,
2008). Besides these fundamental modes of vibration also the possibility of overtones and
combinations of the fundamentals exists, which increases the total number of absorbed frequencies
in the IR spectrum, especially in the case of complex molecules (Shurvell, 2002). The data acquired
by FT-IR spectroscopy usually show the absorbance (A = log;, 1/T, with T = transmittance) over
the wavelength/wavenumber range (Shurvell, 2002). The proportional correlation of absorbance
and concentration of the absorbing molecules results in quantitative information about single
molecular species present in the samples (Shurvell, 2002). In addition, unique information about
chemical composition, protein structure, protein-protein and protein-lipid interactions can be
obtained (Vermeulen et al., 2010; Karoui et al., 2008). As FT-IR spectroscopy considers the effects
of all the different functional groups of the molecules in the sample, the resulting spectrum can be
regarded as a unique molecular fingerprint of the sample analyzed (Karoui et al., 2008). Depending
on the complexity of the matrix present, FT-IR spectroscopy is mainly used for achieving
information on the purity and identity of samples (e.g., plastic materials, food additives) or in order
to quantify compounds or compound classes (e.g., fat and trans fatty acids, peroxide value) in
samples of known matrices (van de Voort ef al., 1994; Chalmers, Hannah and Mayo, 2002;
Mossoba et al., 2004; Vermeulen et al., 2010).
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FT-IR spectroscopy is often carried out by using attenuated total reflexion (ATR) devices, which
have the advantage that for analysis, the sample only needs to be pressed against a crystal (e.g.,
diamond, ZnS, Ge). At the crystal, a part of the IR beam interacts with the sample (evanescent
waves), specific wavelengths are absorbed and finally the non-absorbed wavelengths are reflected
back to the detector (Karoui et al., 2008). Thus, the measurement is non-destructive and only little
sample preparation is needed for ATR/FT-IR spectroscopy, which makes it more comfortable
compared to the traditional analysis with KBr pellets. Recently, portable and handheld FT-IR
instruments using the ATR technique and on-the-instrument data analysis have been developed for
out-of-lab applications (Agilent Technologies, 2014). The capability of such instruments for
composition verification and counterfeit detection has been demonstrated for polymeric materials
(Seelenbinder and Rein, 2014) and possibly similar applications for animal feed could be realized

in the future.

For authentication of agricultural products, FT-IR spectroscopy is often combined with
chemometrics, a discipline that uses mathematical and statistical methods for the multivariate
analysis of analytical data (Schieber, 2008). One advantage of multivariate data analysis lies in the
consideration of all variables available, the complete spectral data, at the same time. By doing so,
also smallest but statistically significant differences in absorbance values between the samples can
be detected. Such differences are not always readily apparent in the spectra themselves (not visible
by eye), but could be revealed by multivariate data analysis. As mentioned before, IR spectra can
be regarded as molecular fingerprints of the samples analyzed, and it is easy to understand that
respective differences in the composition of samples are represented also in the spectra. In
combination with multivariate data analysis, FT-IR spectroscopy has shown suitability for
authentication of many different food matrices, like meat, wine, olive oil or honey (Vermeulen
et al., 2010; Rodriguez-Saona and Allendorf, 2011; Riovanto et al., 2011; De Luca et al., 2011;
Ruoff et al., 2006). Also studies on authentication of cereals, most similar to the matrix DDGS,
have been published: For example, Cocchi et al. (2004) classified different cereal flours (wheat, oat
and buckwheat) by using chemometric analysis of MIR spectra, and Fernandez Pierna et al. (2005)
compared different statistical methods for the classification of modified and unmodified starches
based on IR data. Moreover, vibrational spectroscopy in general is especially useful for
authenticating the geographical origin, the botanical origin (species/variety), and the production
process of food and feed products (Vermeulen ef al., 2010). It could already be shown that
discrimination of botanical and geographical origin of cereals is realizable by combining NIR
spectroscopy and multivariate data analysis (Bertrand et al., 1985; Osborne et al., 1993; Kim et al.,
2003). However, only few studies dealing with the authentication of animal feed have been
published and therefore it was the aim of this work to apply FT-IR spectroscopy together with

subsequent multivariate data analysis to the authentication of DDGS.

Stable Isotope Ratio Mass Spectrometry (IRMS)

IRMS is applied to determine the stable isotope ratios of several light (bio-)elements: hydrogen
(*H/'H), carbon (*C/"*C), nitrogen (°N/"N), oxygen (**0/'°0) and sulfur (**S/**S) are the elements
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of interest in food authentication (Kelly, 2003). The measurement principle is based on the
difference in mass of the atoms in question and special mass spectrometers which are used for the
appropriate analysis. Sample material has first to be converted into measurement gases like H,,
CO,, N,, CO and SO,, which is usually carried out by elemental analyzers or high temperature
pyrolysis units. The gases produced are then separated by gas chromatography (packed columns)
and ionized by bombardment with electrons, the so called electron impact ionization (EI), forming
positively charged ions, like CO," (Gremaud & Hilkert, 2008). Subsequently, ions are accelerated
into a magnetic field, which deflects the ions vertical to the flight direction and vertical to the
magnetic field, so that an ion of low mass (e.g., ’C'*0'°0") describes a smaller radius than an ion
of high mass (e.g., °C'°0'°0") (Gremaud & Hilkert, 2008). Finally, the intensity of the ion beams
(e.g., ""N'N and "N'N) is measured simultaneously by dedicated Faraday cups with individual
amplifier electronics, positioned according to the deflection of the ion beams (Gremaud & Hilkert,
2008). This results in the collection of the single elements isotope ratios, measured against a
reference and typically given in the so called delta notation in per mil, which expresses the isotopic

abundance of a sample relative to the reference, multiplied by a factor of 1000 (Kelly, 2003).

The distribution of stable isotopes in plant raw materials is the result of isotopic fractionation
effects, either due to physico-chemical processes such as evaporation and diffusion, or caused by
chemical and biochemical reactions (Kelly, 2003; Gremaud & Hilkert, 2008). Isotope ratios of bio-
elements can reflect the enrichment of single isotopes by plant metabolism and could also be
representative for geochemical phenomena or environmental and climatic factors (Gremaud &
Hilkert, 2008; Benson et al., 2006). For example, differences in the heavy isotopes of water, i.e. *H
and "0, are correlated with factors like latitude, distance from the coast and altitude, which tend to
result in depletion of the heavy isotopes at continental areas of higher altitude (Gremaud & Hilkert,
2008). At the same time, plant metabolism and evapo-transpiration account for the enrichment of
"0 in plant water compared to ground water (Férstel, 2007). The "N enrichment is primarily
affected by regional agricultural practices and soil types (fertilizers, bacterial
nitrification/denitrification processes), whereas the *C/">C ratio is resulting from plant metabolism
(Cs4, C5 and CAM plants) (Gremaud & Hilkert, 2008). However, 8"°C of plants can also be different
according to geographical growing regions, since the dryness of climate often is correlated with the
geographical region and “[...] C; plants predominate at higher latitudes and C, plants are more
common in warmer climates at lower latitudes [...]” (Kelly et al., 2005, p. 557). Indications on the
geographical origin of a plant can also be drawn by the **S/*”S ratio, which is influenced by soil
types (geological structures) and by sulfate-rich sea sprays in coastal areas (Gremaud & Hilkert,
2008). On the other hand, the sulfur isotope ratio can also be connected with sulfur-containing
fertilizers and the atmospheric deposition of sulfur (Gremaud & Hilkert, 2008); thus drawing final
conclusions on the geographical origin of a plant by the **S/*S ratio exclusively is not appropriate
but could confirm the origin of products indicated by &*H and & '*O values. In brief, the analysis of
stable isotope ratios of bio-elements can provide information on botanical origin (plant type) and
geographical origin (growing region) of plant material, as well as further characteristics associated

with primary production, such as fertilization.
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In contrast to analytical techniques that acquire large amounts of data, e.g., FT-IR spectroscopy,
IRMS reports single values on which the final conclusions about the products’ provenance or
authenticity are drawn. For this purpose, the isotope values of the samples are compared with
isotope values that are expected for the respective commodity. However, seasonal and regional
variability of the isotopic data exist and therefore meaningful results could only be obtained after a
large number of authentic samples has been analyzed and databases have been established
(Rossmann, 2001). Besides the comparison of single isotope ratios, authentication strategies on the
basis of IRMS involve the simultaneous consideration of several isotope ratios analyzed. Such
multi-isotope approaches are usually carried out by scatter plots with up to three dimensions, e.g.
8H/8"0/5"C, or by multivariate data analysis for more than 3 isotope ratios. Sometimes, stable
isotope ratios of the light elements are combined with the ratio of strontium isotopes *’Sr and **Sr
or with multi-element composition data, which can be analyzed by ICP-MS, in order to better

describe the provenance of samples (Kelly ef al., 2005).

As mentioned before, IRMS showed to be a powerful analytical tool for food authentication and
can provide information on the botanical and geographical origin of agricultural products
(Rossmann, 2001; Kelly, 2003). In addition, stable isotope ratios proved to be useful in the
detection of food adulteration, as they allow the differentiation of chemically identical materials,
but of different origin, by the use of a physical parameter, the isotope ratio (Rossmann, 2001).
Various applications of IRMS exist in the food sector, e.g., for olive oil and wine (Camin ef al.,
2010; Wachter ef al., 2009), and also cereals have been analyzed with regards to authentication of
provenance (Asfaha efal, 2011). Brescia eral. (2002) reported on differentiation of the
geographical origin of durum wheat semolina on the basis of 5"°C, 80 and 8N values, and
Branch et al. (2002) conducted a preliminary study on wheat samples, where 8"°C values alone
enabled the determination of geographical origin of the samples analyzed in the study. However,
studies dealing with authentication of feed materials on the basis of IRMS are few in number, and
up to now have mainly focused on the effects of different diets (e.g., C3/C,4 plants, animal protein vs.
plant protein) on animal products like milk or meat (Bahar et al., 2005; Camin et al., 2008; Knobbe
et al., 2006; Moreno-Rojas, 2008). Therefore it was the aim of this work to determine stable
isotope ratios of light elements by IRMS in order to authenticate DDGS, especially with regards to

botanical and geographical origin.

Chemometrics - Multivariate Data Analysis

Chemometrics has been defined as “[...] the science of relating measurements made on a chemical
system or process to the state of the system via application of mathematical or statistical methods.”
by the International Chemometrics Society (IUPAC, 2008). The aim of chemometrics with regards
to food and feed authentication is to enable the evaluation of a huge set of variables acquired by
methods of chemical or physicochemical analysis. Different chemometrical techniques for
multivariate analysis can be used to reveal variables out of the data set in order to define and
describe the products authenticity. In the following section these techniques are described and some

of them were used in this dissertation in order to develop authentication strategies for DDGS.
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(1) Pre-Processing

The first step in multivariate data analysis is pre-processing of the analytical data. Although this
step is not compulsory, it is often necessary for a successful evaluation of the analytical data. This
has also been the case for evaluation of analytical data in the present work. With regard to
spectroscopic techniques, like FT-IR spectroscopy, the need for data pre-processing results from
instrumental issues, experimental conditions or physical characteristics of the samples, such as
scattering, interferences or baseline shifts (Engel efal., 2013; Oliveri and Downey, 2013).
Sometimes, spectroscopic data are pre-processed in order to improve the linear relationship
between absorbance and the analytes’ concentration, if quantitative correlations according to
Lambert Beer’s Law are investigated (Rinnan et al., 2009). On the other hand, it could also be
necessary to eliminate systematic differences between heterogeneous variables prior to multivariate
analysis (Oliveri and Downey, 2013), as it was the case in this thesis for isotope ratios, which

differed in the range of absolute values and their standard deviation.

Generally, two groups of pre-processing techniques can be distinguished: reference-dependent
techniques and reference-independent techniques (Rinnan ef al.,, 2009). The main difference
between the two techniques is that reference-dependent techniques always use a meta variable, the
reference value, in addition to the analytical variables itself, e.g., the crude fat content of the
samples that have been measured. A prominent example of a reference-dependent technique is
orthogonal signal correction (OSC) with the general aim to remove variability which does not
correlate to the reference values (Rinnan et al., 2009). However, those techniques are of interest
especially if quantitative regression techniques are carried out, in contrary to reference-independent
techniques, which are applied mainly in food and feed authentication. In order to find the best
authentication approach for DDGS, reference-independent techniques were applied also in this
dissertation. Reference-independent techniques are based on mathematical corrections, either
sample-based (all variables in one sample) or variable-based (one variable in all samples).
Commonly accepted sample-based techniques are (1) row centering, where each variable of the
analytical data from one sample is corrected by subtracting a specified value (e.g., mean, median of
the sample data); (2) standard normal variate transformation (SNV), where each variable of a
sample is first corrected by the mean of the variables of this specific sample and then divided by
the standard deviation of all variables of this specific sample; and (3) first- and second-order
derivation after smoothing, applied to correlated (spectroscopic) data, according to the Savitzky-
Golay routine (Barnes et al., 1989; Oliveri and Downey, 2013; Rinnan et al., 2009). On the other
hand, accepted variable-based techniques involve (1) column centering, where the same variable of
all the samples analyzed is corrected by subtracting a specified value (e.g., mean, median of the
sample data); (2) column autoscaling, where the same variable of all samples is first corrected
(individually) by the mean of this variable in all samples and then divided by the standard deviation

of this variable in all samples (Oliveri and Downey, 2013).
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(2) Techniques used in Chemometrics

Certainly, the use of pre-processing techniques is specific to the analytical data that is evaluated,
but usually improves the subsequent multivariate data analysis. On the basis of well pre-processed
data, the actual chemometric tools can be employed. In general, statistical and mathematical
methods that are applied in chemometrics can be categorized as: (A) ‘unsupervised’ techniques for
exploratory data analysis and (B) ‘supervised’ techniques for the modeling of quantitative or
qualitative responses. The main difference between the two categories is that the latter one makes
use of additional information, which is not part of the analytical data itself but is incorporated into
data analysis. Such information could be the membership to a class, e.g., the membership of DDGS
samples to a certain geographical origin, or the content of a compound analyzed by a reference

method, e.g., the crude fat content of DDGS samples.

(A) ‘Unsupervised’ Techniques

‘Unsupervised’ techniques include ‘unsupervised’ pattern recognition methods, such as principal
component analysis (PCA) or cluster analysis, and are applied in order to get an overview of the
data (Leardi, 2003). When having measured n variables on k samples, PCA projects the data in a
reduced hyperspace (cf. Figure 3), defined by the so called principal components (PCs), which are
m (with m < n) linear combinations (yi, ya,...Ym) of the original variables (Leardi, 2003; Ballabio &
Todeschini, 2009). It is a variable compression method that reduces the data matrix X (K x N) to a
smaller one, while deleting/hiding useless information (Blanco Romia & Alcala Bernardez, 2009).
The corresponding mathematical transformation can be expressed by the equation X = TP + E,
where the matrix T (K x M) contains m scores for the k samples, the matrix P (M x N) contains m
loadings for the n variables and the matrix E (K x N) represents the residuals/the error made by the
product TP (Brereton, 2009).
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Figure 3: Principal Component Analysis - Geometrical visualization of the principle.
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From a geometrical point of view, PCA determines the direction of greatest variance in the space of
the original variables, which leads to the first PC, then it determines the direction explaining the
greatest part of the residual variance, which leads to the second PC, that is orthogonal to the first
one, and so on (Leardi, 2003). The advantage of PCA is that it reduces the dimensionality of the
data and extracts the most relevant part of the information contained in the data to the first PCs, but

non-structured information, i.e., the noise, gets hidden in the last PCs (Leardi, 2003).

By using PCA, structured information contained in very complex data matrices, such as
spectroscopic data from FT-IR spectroscopy (~1.800 variables/sample) or NMR spectroscopy (up
to ~130.000 variables/sample), can be visualized in just one or a few plots. On the one hand, these
plots show the samples’ scores values for the different PCs (i.e., scores plots) and thus enable
detection of similarities between different samples, but on the other hand PCA could also be used
to detect outliers or to verify the impact of single variables on the separation of samples (i.e.,
loadings plots). In this way, one could find out more about the chemical reasons for a separation,
e.g., the separation according to absorption values in wavenumber regions that are characteristic for
water would probably mean a separation due to the water content. With regards to DDGS
authentication, PCA could therefore also reveal variables in a set of analytical data that are specific

to single groups of DDGS samples.

In contrast to PCA, cluster analysis identifies concentrated groups of samples without any efforts
required by the users, i.e., clusters are directly displayed (Varmuza and Filzmoser, 2009). It is
based on the detection of similarities between samples and finds groups in the data by calculating
distances (Ballabio & Todeschini, 2009). However, cluster analysis does not necessarily assign
samples to only one group, but could lead to the result that a sample belongs to two or more groups
(Varmuza and Filzmoser, 2009). The most commonly known cluster analysis method is called
hierarchical cluster analysis, which arranges samples in a hierarchy and results in a graphical

representation, a tree-like dendrogram (Varmuza and Filzmoser, 2009).

In conclusion, PCA and cluster analysis are chemometrical techniques that are applied in order to
discover similarities and differences between samples, or in other words to detect different groups
of samples, commonly called clusters. Finally, they could be used to find parameters in the huge
pool of analytical data that are relevant to the authentication of agricultural and food products.
Therefore, exploratory analysis in the form of PCA was carried out on DDGS analytical data in this
dissertation. Cluster analysis was also evaluated for potential use but finally not applied, because it

turned out that no superior statements could be made in this way.

(B) ‘Supervised’ Techniques

If new batches of agricultural products shall be authenticated, for example if a new batch of DDGS
should be authenticated with regard to its geographical origin, unsupervised techniques only show
limited possibilities. Usually, PCA allows only for visual statements whether new samples that are
evaluated show similar scores than some of the old samples. In order to do so, the new batch of
DDGS could be projected to the PCA that has been calculated before on the basis of the old
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samples. The best thing one could then make use of is optimizing the PCA with regards to group
building, e.g., by pre-selection of variables that will improve the separation of groups and
projection of the new samples accordingly. However, such procedures do not lead to numerical
values (e.g., probability) or assignments of a sample to a certain group of samples. For this purpose,
chemometrical techniques are required that say with a reasonable certainty whether the new
samples belongs to group A or group B. From a more practical point of view, the question is,
whether the new samples (e.g., DDGS labeled US origin) belong to the authentic group of samples
that is of interest (e.g., DDGS from the United States) or if those do not show the characteristics
and are deemed ‘non-authentic’ (i.e., DDGS from another geographical origin). Part of the solution
lies in the application of so-called ‘supervised’ techniques for the modeling of quantitative or

qualitative responses, and thus those were applied in this work accordingly.

Such ‘supervised’ techniques, or ‘supervised’ pattern recognition methods, require a priori
information on the set of samples (= objects) that is used for classification purposes (Ballabio &
Todeschini, 2009). This information is used together with the analytical data in order to find
mathematical models that are able to recognize the membership of each object to its proper class
(Ballabio & Todeschini, 2009). Usually, classification methods define decision boundaries for class
discrimination by delimiting regions of the hyperspace into which the objects are predicted, or they
define classification rules by finding mathematical relationships between the classes (Leardi, 2003;
Ballabio & Todeschini, 2009). The calculation of these decision boundaries and classification rules
is based on a limited set of samples that are belonging to different groups and for each sample the
group must be known before (a priori). Once the model has been built, new samples can be
predicted with a reasonable certainty to one of the modeled classes using the analytical data of the
sample. While regression methods like multiple linear regression or partial least squares regression
model quantitative responses on the basis of a set of explanatory variables, classification techniques

are methods for the modeling of qualitative responses (Ballabio & Todeschini, 2009).

The simplest classification methods are the nearest mean classifier (NMC) and the K-nearest
neighbor (KNN) rule. The NMC method considers the centroid of each class (i.e., the mean of the
parameter values of the respective samples) and predicts new samples to the class of the nearest
class centroid, thus being based on a measure of distance (Ballabio & Todeschini, 2009). KNN is
classifying samples according to the majority of its K-nearest neighbors, where, for example, the
Euclidean distance of each object from all other objects in the data space is calculated. Thus, the
assignment to a class is also depending on a measure of distance, the smallest distance to K objects,
but the (optimal) K value can be selected (Ballabio & Todeschini, 2009). In this dissertation,
classification methods for DDGS on the basis of KNN have not been applied, since model
performance was highly dependent on the optimal K value and showed an extremely wide

difference.

The most commonly used classification techniques are linear discriminant analysis (LDA),
quadratic discriminant analysis (QDA) and partial least squares discriminant analysis (PLS-DA).

The first two methods are based on the classical discriminant analysis (DA) introduced by Fisher
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(1936) and include the calculation of discriminant functions that separate objects into classes by
minimizing the within-class variance and maximizing the between-class variance (Ballabio &
Todeschini, 2009). Here, discriminant functions divide the hyperspace of objects in as many
subspaces as the number of classes, each point of the hyperspace belongs to one and only one
subspace, and new objects (samples) are predicted according to these discriminant functions
(Leardi, 2003). However, for LDA, the number of objects must be significantly greater than the
number of variables (Ballabio & Todeschini, 2009). Therefore, huge sets of parameters/variables,
like the ones acquired by FT-IR spectroscopy in the present dissertation, require the calculation of
PCs (by PCA) that are used instead of the original variables for applying LDA. More recently,
PLS-DA has been applied to classification purposes. It produces essentially the same results as
LDA but with the noise reduction and variable selection advantages of PLS (Ballabio & Todeschini,
2009). PLS-DA is based on an algorithm that searches for latent variables featuring a maximum
covariance with the so called Y variables, i.c., the depending variables that describe the class
membership of the objects. Finally, new objects can be predicted by the PLS models constructed,
resulting in Y vectors that indicate the assignment of the objects to the single classes. The
advantage of PLS-DA is that the membership to a class is not described by single number values
that have been given to the classes (e.g., 0 and 1) but is given by predicted values that result from
the calculations. For example, a value of 0.781 would indicate that a new object is more related to
group ‘1’ than to group ‘0’. Therefore, threshold values between zero and one can be determined
for each class and decision rules can be applied in order to describe the model more properly
(Ballabio & Todeschini, 2009).

The classification methods described above all share the same principle: classification by
discrimination. However, this means that new samples that are predicted by the respective methods
must belong to one of the classes that have been used for model calculation. Such ‘hard’
classification techniques are not able to handle completely different samples, which do not belong
to any of the groups modeled, as they will assign these samples to one of the classes used before
(Leardi, 2003). For example, DDGS samples from Europe that are predicted to a model developed
on the basis of DDGS from China and USA will be assigned either to China or to USA, but indeed,
both assignments are wrong. In contrast to that, class-modeling methods such as unequal class
modeling (UNEQ) or soft independent modeling of class analogy (SIMCA) model analogies
between the objects of a class and separate classes by defining boundaries in the hyperspace
(Ballabio & Todeschini, 2009). In this way, single class models can overlap in the hyperspace and
also some regions of the hyperspace are left unassigned (Leardi, 2003). For example, SIMCA is
based on the calculation of N PCA models, one for each of the N classes, and finally prediction is
carried out by projecting the new objects to the different class subspaces and assessing the
distances to the different classes (Ballabio & Todeschini, 2009). Generally, three ‘types’ of
classification of new objects are possible with such methods: (1) unique — object is assigned to one
single class; (2) ambiguous — object is assigned to 2 or more classes; and (3) outlier — object is
assigned to none of the classes. Thus, for example, DDGS samples from Europe that are predicted
to a SIMCA model for DDGS from China and USA could be predicted as belonging to none of
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these classes, which would be correct. In contrast to discrimination methods like LDA, SIMCA
verifies whether or not a sample is really compatible with one of the class models derived from the
authentic pool of samples (Oliveri and Downey, 2013). Therefore, class-modeling methods can be
very useful for authentication purposes if not each of the possible categories of a product has been
sampled, and different groups could be expected to occur in the future. For this purpose, class-

modeling using SIMCA was also applied for authentication of DDGS in this work.

Besides the supervised pattern recognition methods described above, some other methods exist that
feature even more possibilities for data evaluation but have not been used in this dissertation.
Examples are artificial neural networks (ANNSs) that mimic the action of a biological network of
neurons by means of interconnected processing algorithms working in parallel, and support vector
machines (SVMs) which support classification on hyperplanes that are calculated to separate
objects in the hyperspace (Ballabio & Todeschini, 2009; Gonzalvez et al., 2009).

(3) Validation

Statistical models developed for authentication of food and feedstuffs always need to be carefully
validated (Downey, 1996; Riedl, Esslinger and Fauhl-Hassek, 2015). Generally, the mathematical
models are constructed on the basis of a specific sample set and the question is whether these
models will show similar results if the sample set is extended. In order to achieve models that are
eligible for future use, the sample sets examined should be most representative, with a large
number of authentic samples that are collected from various sources (Downey, 1996). Also, models
should be tested by means of validation and in a way that conclusions can be drawn how the model
will perform in the future and if it is already robust enough. Thus, several validation strategies can
be applied during model development: (1) cross-validation approaches (internal validation), (2)
validation by prediction of test sample sets, either split from the original (training) sample set or
collected separately (external validation), (3) blind-testing by prediction of unknown and
independent samples (‘system challenge’) (Downey, 1996; Kelly, 2005; Riedl, Esslinger and
Fauhl-Hassek, 2015). In this dissertation, different strategies for model validation have therefore
been applied and models for authentication of the botanical and geographical origin of DDGS have

been constructed on different sample sets during the course of the work.

It is also important that statistical models are optimized before test sets are predicted or blind-
testing is carried out, for example, by selection of pre-processing or variables, but that the statistical
data analysis procedure is remained unchanged during and after the validation itself. Of course,
changes need to be implemented if the model shows worse validation results, but then, first internal
validation should be optimized on the basis of the training set (i.e., cross-validation) before external
validation is targeted by means of test sets, as it has been similarly explained in the field of
metabolomics and food authenticity by Broadhurst & Kell (2006) and Oliveri & Downey (2012),
respectively. Also, it could become necessary that samples of the test set must be included into the
training set, which has been used for model construction, especially if unique samples are

contained in the test set but are not included in the training set. In this thesis, for example, this was
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the case for European corn DDGS samples, which need to be included into the authentication
model for the botanical origin of DDGS during the course of the work (cf. section botanical origin).
Generally, training sample sets with a large number of authentic samples that are representative of
various sources are the best way in order to achieve robust authenticity models with long-term
stability (Downey, 1996, Gonzalvez & de la Guardia, 2013; Vermeulen et al., 2015b). However, if
those are not available (yet), sample selection strategies could also be used for the selection of
representative training sample sets (always on the basis of the samples collected). For example, this
could be realized by CADEX or DUPLEX algorithms, developed by Kennard and Stone (1969)
and Snee (1977) respectively. Therefore, also in this work, the DUPLEX algorithm has been used

for the selection of training and test sets for DDGS authentication models.

Besides validation of the models constructed for authentication questions, the goodness of the
analytical data itself must be guaranteed. Although analytical method validation parameters, for
example, estimation of repeatability, are only reported in a few authentication studies, the quality
of the analytical data is imperative for reliable and feasible multivariate data analysis (Riedl,
Esslinger and Fauhl-Hassek, 2015). Furthermore, quality control samples could be used to
‘monitor’ the multivariate data analysis itself, as has been discussed by Esslinger, Riedl and Fauhl-
Hassek (2014). Thus, noise sources could be better addressed and biased influence of noise on the
discrimination of different populations (cf. Norris, 2009) could possibly be checked and avoided.
With regards to DDGS authentication in this dissertation, this was partly approached at PCA level
through the repetitive instrumental and subsequent data analysis of selected matrix-like and matrix-

similar samples (cf. following sections and publication A).
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3.1.2 Botanical Origin

In this work, the botanical origin has been defined as the plant material used for DDGS production,
which usually is corn or wheat. In the sample set used, DDGS derived mainly from corn and wheat,

but single samples have been produced from grain mixtures (i.e., corn, wheat, barley) or rice.

IRMS

The analysis of DDGS bulk material by IRMS revealed clear differences in 5"°C values of DDGS
produced from corn and wheat, as expected for C; and C, plants (publication B). It turned out that
some samples, claimed to be produced exclusively from corn or wheat, showed significantly
lower/higher 8"°C values than the respective group of samples with the same botanical origin.
Although no reference method for detection of species composition (e.g., DNA analysis) was
carried out, this indicated that these samples were not produced from pure corn or wheat and
information provided by the producer/supplier on the botanical origin was considered as
questionable. With regards to publication B, the results shown were based on a limited sample set.
As a follow-up to this, an extended sample set of 196 DDGS produced from corn (n=151), wheat
(n=29), mixed raw materials (n=15) and rice (n=1) has been evaluated in view of §"C values
(Figure 4). These results confirmed the findings described in publication B and thus also the
suitability of IRMS for authentication of the botanical origin.
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Figure 4: 8"°C values of DDGS bulk material produced from corn (n = 151), wheat (n =29), mixed raw materials (n = 15)
and rice (n = 1), according to the providers information. Sample numbers according to Appendix 4. Box length represents
the data between first and third quartile (IQR); bold line shows the respective median value; whiskers represent minimum
and maximum values which are not considered as outliers (within 1.5x IQR calculated from first/third quartile); outliers
are indicated by circles (data between 1.5x and 3.0x IQR calculated from first/third quartile); extreme outliers are

indicated by asterisks (data after 3.0x IQR calculated from first/third quartile), shown in the style of publication B.
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FT-IR Spectroscopy

In contrast to the univariate approach undertaken after IRMS analysis, authentication of the
botanical origin by FT-IR spectroscopy required multivariate data analysis. With publication A of
this dissertation it was shown that in this way differentiation between corn DDGS and wheat
DDGS is also achievable. Indeed, the most dominant factor after PCA of FT-IR spectra was the
botanical origin of DDGS (publication A). Further, this was confirmed by FT-IR spectroscopy of
an extended sample set of 194 DDGS produced from corn (n=150), wheat (n=28), mixed raw
materials (n=15) and rice (n=1), and subsequent PCA (Figure 5).
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Figure 5: Authentication of botanical origin after PCA of FT-IR spectra from (A) solid DDGS and (B) oils extracted
from DDGS. Results based on extended sample set (194 DDGS) produced from corn (n=150), wheat (n=28), mixed
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raw materials (n=15) and rice (n= 1); data analysis and style according to publication A, except for additional SNV pre-

processing of oil spectra.

Moreover, it was shown that the botanical origin of DDGS could be verified by the use of
supervised classification methods: PCA-LDA and SIMCA models have been established for
differentiation of corn DDGS and wheat DDGS with good classification rates (publication A), also
with regards to the follow-up sample set (Table 3). In view of the classification approaches by
PCA-LDA and SIMCA, the concept of model validation was slightly modified for the follow-up
sample set: DUPLEX algorithm (Snee, 1977) was used for splitting sample sets of corn DDGS
(n=150) and wheat DDGS (n=28) into training sets for model calculation (100 corn DDGS;
19 wheat DDGS) and test sets for model validation (50 corn DDGS; 9 wheat DDGS). Data splitting
was realized using a script (provided by courtesy of Dr. J.A. Fernandez Pierna, CRA-W Gembloux,
Belgium) in Matlab version 7.11.0584 [R2010b] (The Mathworks Inc., Natick, MA, USA), but data
analysis and construction procedures for classification models were carried out in the same way as

described in publication A.

Table 3: Classification results of DDGS samples according to the botanical origin. Results for extended sample set of
corn DDGS (n=150) and wheat DDGS (n=28), either based on 100% prediction procedure or DUPLEX validation
procedure. #PCs represents the number of principal components selected, for SIMCA first number represents the class

model ‘corn’, second number the class model ‘wheat’.

PCA-LDA SIMCA
classification classification
# PCs . #PCs « . . .
correct  1ncorrect correct incorrect outlier ambiguous
SELF-PREDICTION
solids 7 100 % 0% 53 0.10 80% 0% 4% 16 %
oils 2 100 % 0% ;52 0.01 98% 0% 2% 0%
TRAINING SET
solids 5 100 % 0% 54 0.10 86 % 0% 3% 11 %
oils 2 100 % 0% ;52 001 97% 0% 3% 0%
TEST SET
solids 5 93 % 7% 54 0.10 80% 0% 8% 12 %
oils 2 100 % 0% ;52 0.01 95% 0% 5% 0%

Generally, it can be assumed that the models constructed for the botanical origin are robust and
results are likely to remain steady if sample sets will be further extended, because (1) both original
sample set (publication A) and extended sample set featured similar classification rates, (2) number
of latent variables used for the models remained comparable for the extended sample set, and (3)
both model validation strategies, random splitting (publication A) and DUPLEX splitting worked
well. In conclusion, classification results confirmed the suitability of FT-IR spectroscopy,

combined with multivariate statistics, for verification of the botanical origin of DDGS.

However, the models developed up to now were considering primarily the two raw materials

mainly used for DDGS production, i.e., corn and wheat. The tentative separation of DDGS
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produced from mixed raw materials on the PCA level (publication A and Figure 5) indicated that,
possibly, classification models could be applied for this question as well. Although this approach
has not been carried out due to the small number of samples for mixed DDGS, it could be an
interesting option for DDGS suppliers in the future. Especially the use of SIMCA models and the
construction of models that predict the percentage of corn/wheat/barley that was used for DDGS
production could reveal valuable information for animal feeding and could initiate the analysis of

more specific parameters.

Besides the plant species, which has been defined as the botanical origin in this work, also different
plant varieties or cultivars could be subject to the statistical models developed. Similar to the
results of Bertrand ef al. (1985) on the feasibility of NIRS combined with multivariate data analysis
for wheat variety identification, the grouping of DDGS according to the botanical origin after FT-
IR spectroscopy (publication A) could, for example, feature further sub-groups of DDGS derived
from single varieties. Thus, future work on authentication of DDGS should include DDGS
produced from different ‘sub-types’ of raw materials, provided that the respective meta-data can be

obtained.

Techniques described in Literature

Authentication of DDGS with regards to the raw material used for production has also been
realized by other analytical techniques. As part of the EU research project Quality and Safety of
Feeds and Food for Europe (QSAFFE) several analytical techniques, besides those employed in
this thesis, were applied to authentication of DDGS (Nietner et al, 2011; QSAFFE, 2014;
www.gsaffe.eu). In this context, DDGS samples were collected for the whole QSAFFE project
consortium, which led to the fact that several other studies (Vermeulen et al., 2015a; Tres et al.,
2014; Zhou et al., 2015; Tena et al., 2015; Vermeulen et al., 2015b) utilized the same DDGS

samples as in this thesis.

Vermeulen et al. (2015a) also applied FT-IR spectroscopy to authentication of oils extracted from
DDGS, resulting in 100 % correct classification of the botanical origin (i.e., corn and wheat) after
PLS-DA and nearly 100 % correct classification based on three variables selected by the Fisher
coefficient (1699, 1716 and 2923 cm™). Similar to the findings of this work (cf. Table 3),
sensitivity slightly decreased to 96 % when the external validation set was predicted (Vermeulen
et al., 2015a), but here, according to the authors, probably because the calibration set did not
include DDGS of the respective geographical origin (Austria). Although Vermeulen et al. (2015a)
mentioned that compared with the ASE oil extraction method described in publication A, their in
situ extraction method prevents triglycerides from hydrolysis to free fatty acids, they have reported
strong correlations with the band around 1712 cm™ (Vermeulen et al., 2015a), which just represents
the free fatty acid content. Therefore, a final statement whether the ASE extraction method boosted
the free fatty acid content that is already present in native DDGS could only be made by future

analysis of the total acid number (acid value).
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Further studies on authentication of the botanical origin of DDGS have been based on fatty acid
fingerprinting by gas chromatography mass spectrometry (GC-MS) and volatile fingerprinting by
proton transfer reaction mass spectrometry (PTR-MS), combined to multivariate data analysis (Tres
etal., 2014). As well, several other analytical techniques showed to be capable tools for
differentiation of DDGS produced from corn and wheat, using multivariate models and challenged
by an independent test set of DDGS samples (Vermeulen ef al., 2015b). In the study of Vermeulen
et al. (2015b), the botanical origin of DDGS samples was evaluated also by analysis of DNA
sequences specific for corn and wheat, based on real-time polymerase chain reaction (PCR), and
these results were compared to the results achieved by other analytical techniques (Vermeulen
et al., 2015b). Except for the application reported by Vermeulen ef al. (2015b), PCR and DNA-
based techniques are not known to be widely-used for the determination of the botanical origin of
DDGS, although these techniques are capable approaches in food authentication as highlighted by
Pereira, Amorim and van Asch (2013), for example. As reported for food and feed matrices in
scientific literature, in most cases the DNA assays allow for quantitative or semi-quantitative
statements on the botanical origin of cereal species or even of varieties (Terzi et al., 2005; Casazza
etal., 2011; Pegels etal., 2015). In addition to that, one may speculate that microscopic
investigation of DDGS samples could offer further possibilities for differentiating the botanical
origin, since corn and wheat show characteristic starch granules and tissue structures (van
Raamsdonk, personal communication, September 2012). However, in DDGS production starch
content is reduced to a minimum and starch granules are damaged in order to increase ethanol yield
(Liu, 2012), which could reduce the amount of intact starch granules for determination of the

botanical species.

Moreover, Pedersen ef al. (2014) analyzed compositional data of DDGS produced from corn,
wheat and mixed raw materials in a multivariate way. They demonstrated that PCA of ten common
constituents predicted by NIRS (e.g., moisture, CP, NDF), ideally in combination with non-starch
polysaccharides profiles (e.g., cellulose, xylose, arabinose) analyzed by gas chromatography,
enabled differentiation of DDGS from these three feedstock origins. In this context, Pedersen et al.
(2014) have drawn conclusions on the constituents which are the most responsible ones for the
observed separations, and logically, more precise statements on the chemical differences can be
made, compared to the strategy based on FT-IR spectroscopy in this thesis. However, no
classification models or external validation have been carried out in their study (Pedersen ef al.,

2014), which can be regarded as a strong point in this dissertation.

In addition, a group of researchers from the University of Saskatchewan reported on the suitability
of ATR/FT-IR to detect effects of blend DDGS inclusion level to hulless barley-based feed (Zhang
& Yu, 2012), and applied DRIFT (diffuse reflectance infrared Fourier transform spectroscopy) to
investigate the spectral profile of carbohydrates and lipids with regards to co-products and the
original feedstocks (Yu etal., 2011; Yu, 2011). Multivariate data analysis of DRIFT spectra
revealed structural differences between corn and corn DDGS, between wheat and wheat DDGS
(Yu etal., 2011; Yu, 2011), and, particularly with regards to the botanical origin of DDGS,
structural differences between blend DDGS (wheat/corn) and wheat DDGS are described in the
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work of Yu (2011). The selection of specific wavenumber regions for cluster analysis and PCA
conducted in these studies, for example the consideration of amide I and II regions (Zhang & Yu,
2012), could be another option how to improve the FT-IR statistical models of this work in the

future.
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3.1.3 Geographical Origin

In this work, the geographical origin has been defined as the place of DDGS production, since (1)
information on the place of cultivation (of cereal grains) was not available for all samples, and (2)
information on the place of production is of great importance with regard to potential queries
related to DDGS. First and foremost, DDGS were sampled from the major producing countries,
and finally, the sample set comprised DDGS from Canada, China, India, USA, Austria, the Czech

Republic, the Netherlands, and several other countries in the European Union.
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Figure 6: Boxplot of (A) 8°H, (B) 8'%0, (C) 8"°N of corn DDGS (n=149) from Heilongjiang (n=30), Jilin (n=18),
USA (n=50), EU (n=35) or unknown origin (n=16) and wheat DDGS (n=26) from EU (n=16), Canada (n=4) or
unknown origin (n=8); (D) 5"°C values only shown for corn DDGS from Heilongjiang (n=30), Jilin (n=18), USA
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(n=50) and EU (n=35). Sample numbers according to Appendix 4. Box length represents the data between first and
third quartile (IQR); bold line shows the respective median value; whiskers represent minimum and maximum values
which are not considered as outliers (within 1.5x IQR calculated from first/third quartile); outliers are indicated by circles
(data between 1.5x and 3.0x IQR calculated from first/third quartile); extreme outliers are indicated by asterisks (data
after 3.0x IQR calculated from first/third quartile), shown in the style of publication B. 8°H and 3'*0 values have been
provided by courtesy of Dr. S.A. Haughey, Dr. N. Ogle and Prof. Dr. C.T. Elliott (Queens University Belfast).

The analysis of stable isotope ratios in DDGS bulk material showed that DDGS from different
locations could be differentiated mainly by the respective delta values of hydrogen (*H/'H) and
oxygen ("*0/'°0), but also with regards to carbon (*C/'*C) and nitrogen ('""N/"*N) (publication B).

Possible reasons for this differentiation have been discussed in publication B and include isotopic
fractionation in the water cycle and during evapo-transpiration of plants, local agricultural practices
and the use of production chemicals, or climatic conditions during plant growth. The fact that
DDGS of different geographical origins could not be completely distinguished by consideration of
only one element (e.g., 8°H) was confirmed by the analysis of an extended sample set of
196 DDGS produced from corn (n=151), wheat (n=29), mixed raw materials (n=15) and rice
(n= 1), with regards to §°H, 8"°N and 3'*0 (Figure 6). However, DDGS could not be differentiated
according to the geographical origin by the analysis of stable sulfur isotopes (**S/*’S), as reported
in publication B, and thus, analysis of 8°*S was omitted for the extended sample set. Instead, 5"°C
values indicated slight differences between corn DDGS from the two Chinese provinces, EU and
USA in the extended sample set (Figure 6D), more clearly than it has been mentioned in

publication B for the original sample set.
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Figure 7: Authentication of geographical origin of DDGS samples derived from China (n=48), EU (n=35), and USA
(n=50) after canonical discriminant analysis of pre-processed isotope data, carried out according to the procedures

described in publication B, but with