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Wheat flour quality for baking

Abstract

The main target of industrial mills is to supply flour of stable quality. Mills therefore
perform rigorous quality control, but may still overlook parameters with significant
effects on baking quality. This thesis explored: (1) how flour components affect
baking quality; (2) the best instruments for use in quality control; and (3) whether
test baking can be reduced by implementing prediction models. During 2018-2019,
two mills in southern and central Sweden collected 197 wheat flour samples,
including winter wheat, spring wheat and blends thereof. Test baking and routine
quality control data were supplied by the mills, with inclusion of additional quality
control instruments. Key flour components were also analysed: water-extractable
and -unextractable arabinoxylan, protein composition by size exclusion HPLC, and
damaged starch content. Principal component analysis (PCA) was used to rapidly
assess relationships between parameters and samples. Partial least square regression
(PLS) was used to predict loaf volume and evaluate parameter contributions.

The protein content and size distribution of polymeric protein were found to be
linked to loaf volume, while protein composition in dough was further linked to
dough performance. Protein content did not influence water absorption, which was
mainly determined by damaged starch content and total arabinoxylan content.
Among the quality control instruments evaluated, NIT and SDmatic were most
efficient in measuring protein content and damaged starch, both linked to loaf
volume. Alveograph parameters were strongly linked to different flour components
measured, but the interpretability of parameter extensibility and tenacity was limited
by the fixed amount of water used in the standard protocol. Farinograph and
Glutomatic data contributed to loaf volume predictions, but both instruments
displayed notable measurement errors. Mixolab proved unsuitable for quality
control, due to its inability to differentiate flours when all were of acceptable quality.
Winter wheat loaf volume was accurately predicted based on selected instrument
parameters.

Keywords: wheat, flour, gluten, arabinoxylan, rheology, PCA, PLS, loaf volume.



Vetemjdlskvalitet for bakning

Abstract

En industriell kvarn har som huvudsaklig malsattning att producera mj6l med stabil
produktkvalitet. Kvarnar utfor darfér en grundlig kvalitetskontroll, men det &r
mojligt att denna missar parametrar av betydande effekt for bakningskvalitet. Den
har avhandlingen utforskade (1) hur mjolets bestdndsdelar paverkar
bakningskvalitet, (2) vilka instrument som &r bast for kvalitetskontroll, och (3) om
provbakning kan reduceras genom att implementera prediktionsmodeller. Under
2018-2019 samlade tva kvarnar, i Malmo och Striangnas, in 197 prover av vetemjol,
bestaende av hostvete, varvete och blandningar av dessa. Resultat frn provbakning
och rutinméssig kvalitetskontroll samlades ocksa in. Ytterligare instrument for
kvalitetskontroll testades. Mjélkomponenter analyserades ocksd: arabinoxylan,
skadad stdrkelse och proteinsammansdttning, genom size exclusion HPLC.
Principialkomponent-analys (PCA) anvandes for att fa en snabb Gverblick 6ver
sambanden mellan parametrar och provgrupper. Partial least square regression (PLS)
anvandes for att prediktera brodvolym och att utvardera bidraget frdn olika
parametrar.

Proteinhalten och storleksfordelningen av polymer-proteiner kunde kopplas till
brédvolym. Vid analys av proteinsammansattningen i deg kunde denna dven kopplas
till deg-egenskaper. Proteinhalt paverkade inte vattenabsorption, som i stillet
avgjordes av halterna skadad stérkelse och arabinoxylan. | utvérderingen av
kvalitetsinstrument stod NIT och SDmatic ut som effektiva for att méta proteinhalt
och skadad starkelse, matt som bada paverkade brodvolym. Alveograf-parametrarna
kunde tydligt lankas till mjolets komponenter, men tolkningen av dessa forsvarades
av att standardprotokollet anvénde en konstant vattenhalt. Farinograf och Glutomatic
bidrog till att prediktera brodvolym, men instrumenten hade en pataglig felmarginal.
Mixolab framstod inte som anvandbar for kvalitetskontroll i kvarnar, da den ej kunde
differentiera mellan prover av acceptabel kvalitet. For hostvete kunde brodvolym
predikteras val baserat pa en begransad uppsattning instrument.

Nyckelord: vete, mjol, gluten, arabinoxylan, reologi, PCA, PLS, brédvolym.



Dedication

To Stefan

Explanations have existed for all time; there is always a solution to every
complex problem — neat, simple, and wrong.
H. L. Mencken
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1. Introduction

Wheat (Triticum aestivum) is the most traded crop globally (FAOSTAT
2020), due to high global consumption and varying quality requirements.
Wheat may be suitable for a wide range of products, so mills and bakeries
use quality specifications when trading wheat grain or flour. However,
quality control differs between mills and is partly influenced by tradition.
The Swedish milling industry is therefore unsure whether all relevant quality
fluctuations are captured by its current quality control system. For this
reason, flours are commonly test-baked to evaluate baking quality, but this
is laborious and the results vary with the method used (Thanhaeuser et al.
2014).

In industrial bakeries, consistent quality is preferable to high but varying
quality, as flour with unpredictable functionality can lead to unstable product
quality, process interruptions and food waste (Carson and Edwards, 2009).
Protein content and composition appear to be the main determinants of
baking quality (Hamer et al. 2009), but other flour components such as starch
and fibre can also have an effect (Goesaert et al. 2005). This thesis explored
different aspects of baking quality, in particular the influence of different
flour components, the relevance of different quality control instruments and
whether test baking results can be predicted using quality control data.
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2. Background

This background chapter begins by outlining aspects of baking quality
related to dough rheology and loaf volume (section 2.1), which are the main
quality aspects quantified in this research. Section 2.2 describes different
wheat flour components affecting baking quality, while section 2.3 explains
why some of these compounds may fluctuate in composition, leading to
variations in baking quality.

2.1 Dough rheology

Dough is a liquid-gas foam, which transitions to a solid-gas foam during
baking. The unique air-holding capacity comes from formation of a gluten
network, which entraps gas cells. Starch and fibres are embedded in the
gluten network and affect it by competing with the proteins for water. Non-
polar lipids may weaken the gluten network by binding to hydrophobic
regions of the protein polymers. Gas cell stability may also be affected by
soluble fibre, polar lipids and smaller proteins, as these may affect the surface
tension or viscosity surrounding air cells.

Wheat dough is viscoelastic, meaning that it holds its shape but does not
maintain its shape when force is applied. Dough rheology is generally
measured by applying controlled deformation over time and measuring the
resulting force (Dobraszczyk & Morgenstern 2003). Descriptive empirical
rheological measurements are generally used in the cereal industry and differ
from fundamental rheology measurements in that the stress and strain rates
applied are uncontrolled (Dobraszczyk & Morgenstern 2003). As a result,
the rheological parameters obtained are purely descriptive and specific to the
type of instrument used. However, these tests are easy to perform compared
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with fundamental rheology tests and are designed to yield results which are
easily interpretable and applicable in the cereal industry.

Farinograph and Mixolab tests measure dough consistency during
mixing, to evaluate water absorption by the flour and dough mixing
properties. Water absorption is measured by determining the amount of water
needed to reach a predetermined consistency during initial mixing. Water
absorption changes depending on flour composition and particle size, and is
important since water availability in the dough is key during breadmaking.
The amount of water added when baking is often adjusted according to water
absorption. Dough development time is the timepoint at which the maximum
consistency is obtained. Related parameters include stability and degree of
softening. The Mixolab test also measures dough consistency during heating,
yielding information on the viscosity during gelatinisation, gel degradation
and retrogradation. These parameters can also be evaluated using a rapid
visco analyser (RVA) or amylograph, but then the tests are performed on
flour slurries instead of doughs.

Alveograph tests measure biaxial extensibility by inflating a small
circular sheet of dough and measuring the air pressure and dough bubble size.
This mimics the air-holding capacity needed to obtain high bread volume.
Dough extensibility (L) is determined from the bubble size at rupture and is
dependent on both viscous and elastic properties (Jgdal & Larsen 2021).
Dough tenacity (P) is determined from the maximum pressure needed to
inflate the dough. The amount of water added during alveograph tests is not
adjusted according to water absorption, and the tenacity is partially
influenced by this. Dough strength (W) is determined by the area under the
curve measuring pressure and bubble size. Dough strength is commonly used
to classify wheat varieties and wheat flour, as it is influenced by protein
quality, and different bakery products require different degrees of protein
quality (Jedal & Larsen 2021).

2.2 Wheat flour components

The chemical composition of wheat flour is affected by the variety/varieties
from which it is produced, the environment in which it is grown, and the
milling process. In combination, these factors can result in wide variation in
wheat flour quality. Breadmaking quality differences are primarily caused
by variations in gluten protein content and composition (Hamer et al. 2009),
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a. fibre b. c. cellulose

lipids glucomannan ‘

protein LMW-GS
water

HMW-GS
betaglucan WU-AX

starch gliadin other
proteins WE-AX

Figure 1: Composition of (a) wheat flour, (b) endosperm proteins and (c) endosperm
fibre (sources: Goesaert et al. 2005; Delcour et al. 2012; Mares and Stone 1973). LMW-
GS = low molecular weight glutenin subunits, HMW-GS = high molecular weight
glutenin subunits, WU-AX = water-unextractable arabinoxylan, WE-AX = water-
extractable arabinoxylan.

which can differ markedly depending on variety and environment and often
change between harvest years (Johansson et al. 2013). These quality
differences in protein may in turn mask the effect of other components, such
as fibres, lipids and enzymes, on baking quality (Figure 1a).

2.2.1 Gluten proteins

Gluten proteins impart unique viscoelastic properties to wheat dough. They
are a complex group of proteins with a wide range of size and functionality.
These consist of gliadins, which are monomeric, and glutenins, which can
form polymers by disulphide (SS) bonds through cysteine residues (Tatham
et al. 1990) (Figure 1b). Gluten proteins are quite difficult to study, as they
vary widely in molecular weight, which also results in a wide range of
solubility. The tendency of glutenin polymers to aggregate can result in
issues with polymer solubilisation and analysis (Shewry & Lafiandra 2022).

Glutenins consist of low molecular weight glutenin subunits (LMW-GS),
with molecular weights of 30,000 — 50,000, and high molecular weight
glutenin subunits (HMW-GS), with molecular weights of 60,000 — 100,000
(Shewry & Lafiandra 2022). The HMW-GS are rich in glutamine, glycine
and proline, which are largely located in repeat regions (Tatham et al. 1990).
These repeat regions may form p-turns and B-sheets, depending on water
availability (Tatham et al. 1990). However, the overall structure appears to
be intrinsically disordered (Rasheed et al. 2013), meaning that it does not
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hold a set structure (Markgren et al. 2022), and is extended without being
rigid (Blanch et al. 2003).

Each wheat genotype contains three to six HMW-GS (Johansson et al.
2013). The combination of these present in a genotype is a main determinant
of flour quality (Guzman et al. 2022) partly as they differ in their number of
cysteine residues which can form interchain SS bonds (Shewry et al. 1992).
Multiple wheat varieties are usually blended during storage and milling,
producing combinations of HMW-GS which may be difficult to characterise.
Wheat genotypes contain 7-16 LMW-GS, depending on gene silencing.
However, the LMW-GS protein group is heterogeneous and complex and for
this reason is not well characterised (Johansson et al. 2013). Structure
predictions indicate that LMW-GS have a more globular structure than
HMW-GS (Blanch et al. 2003). Wheat generally contains approximately
twice as much LMW-GS as HMW-GS by weight (Delcour et al. 2012). The
exact ratio of HMW-GS to LMW-GS may affect glutenin size distribution
(Gupta et al. 1993), and therefore dough strength (Veraverbeke & Delcour
2002).

During dough formation, flour is hydrated and mixed, and glutenin
subunits are de-aggregated and re-aggregated into a viscoelastic gluten
network (Weegels et al. 1997). While additional formation of intermolecular
SS bonds increases polymer size, they are not essential for explaining dough
properties, as gluten protein polymers of sufficient size are already present
in wheat flour (Hamer et al. 2009). In fact, the molecular weight distribution
does not increase from flour to dough. The actual mechanisms behind the
elastic properties of gluten proteins are not known, but may be a combined
effect of (i) SS bonds providing structural continuity by connecting HMW-
GS to form large protein polymers (Delcour et al. 2012; Tatham et al. 1990)
(it) the intrinsic elasticity of loose B-spirals formed by HMW-GS repeat
regions (Haward et al. 2011) and (iii) formation of hydrogen bonds between
protein polymers, which align upon stretching (Belton, 1999; Wellner et al.
2005) (Figure 2). These mechanisms can be illustrated using the entangled
polymer model (Singh & MacRitchie 2001), according to which glutenin
polymers may be connected through entanglement points consisting of SS
bonds or hydrophilic regions aligned by hydrogen bonds. These coiled, or
spiral-shaped, polymers may be initially stretched, and further stretching
occurs through polymers slipping through entanglement nodes (Hamer et al.
2009). Elasticity arises from the polymers being interconnected by SS bonds
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@)

(iii)
\-——-— \/ 3 HMW-GS

Disulphide bond

Figure 2: Schematic illustration of the mechanisms behind glutenin viscoelasticity: (i)
disulphide bonds, (ii) loose B-spirals and (iii) hydrogen bond arrays. The network
stretches when a force is applied.

(ii)

and their tendency to reconfigure back to a state of lower free energy (Hamer
etal. 2009). Viscosity arises from entanglement nodes allowing the polymers
to slip under stress (Hamer et al. 2009). Sufficient water levels, as evaluated
by flour water absorption, are necessary for polymer mobility and
reconfiguration (Belton 1999).

Gliadins can be categorised into a-, y- and w-gliadins (Delcour et al.
2012). The primary and secondary structures of a-and y-gliadins are similar
to those of LMW-GS, while o-gliadins are larger (molecular weight 46,000-
74,000) than the other gliadins (30,000-45,000) and are rod-shaped (Shewry
et al. 2009). Gliadin acts as a plasticiser by weakening the interactions
between glutenin polymers (Delcour et al. 2012). This increases viscosity
and decreases elasticity, with the ratio of gliadins to glutenins determining
the balance between viscosity and elasticity (Veraverbeke & Delcour 2002).
Some studies suggest that while gliadins do not form polymers in flour, they
may do so during dough formation, as a decrease in extractability of gliadins
caused by sodium dodecyl sulphate (SDS) has been seen during this step in
breadmaking (Lee et al. 2002; Kuktaite et al. 2004). However, it is possible
that not all non-covalent interactions are broken during quantification, as
differences in solubility rates in SDS have been reported for different
qualities of flour (He et al. 1991; Veraverbeke & Delcour 2002).
Nonetheless, a-and y-gliadin genes encoding an additional cysteine have
been identified (Shewry et al. 2009) and one of the encoded proteins has been
quantified in a polymeric fraction (Ferrante et al. 2006). In addition, wheat
flour contains 15-20 % water-soluble, non-gluten proteins, which generally
have a more structured secondary structure compared with gluten. While

25



monomeric in general, some albumins and globulins can form interchain SS
bonds, possibly to glutenin subunits (Veraverbeke & Delcour 2002).

2.2.2 Arabinoxylan

Arabinoxylan (AX) originates from wheat cell walls and is the main cell wall
polysaccharide in the endosperm. Overall, the endosperm cell wall consists
of 70 % AX, 20 % B-glucan, 7 % glucomannan, and 2 % cellulose (Mares &
Stone 1973) (see Figure 1c). Thus, the B-glucan level in wheat endosperm is
low compared with the AX level (Andersson et al. 1993; Mares & Stone
1973; Saulnier et al. 2012). In sieved wheat flour, the AX content is typically
around 2 %, of which ~25 % consists of water-extractable AX (WE-AX)
(Barron et al. 2007). However, the size of these fractions can vary, with total
AX content of 1.4-2.7 % and WE-AX content of 0.3-1.4 % being observed
(Saulnier et al. 2007). Among the dietary fibre types present in sieved wheat
flour, AX is considered the most important for baking properties. Cellulose
and B-glucan are only present in low levels in sieved wheat flour (Saulnier et
al. 2012). Wheat B-glucan has a low solubility (Rakha et al. 2011; De Paula
et al. 2017) and remains unextractable in water at 65 °C (Beresford & Stone
1983).

In structural terms, AX originating from wheat endosperm is composed
of a backbone of B-D-xylopyranosyl residues connected by 1—4 glycosidic
linkages, which are partly substituted by a-L-arabinofuranosy! (Izydorczyk
& Biliaderis 1994). The substitution level determines the solubility of AX,
with lower substitution in WU-AX, and higher substitution and higher
heterogeneity in WE-AX (Stone and Morell, 2009). Substitutions of ferulic
acid also occur, but the level of ferulic acid in wheat endosperm is low
(Saulnier et al. 2012).

Water absorption by flour is affected by both WE-AX and WU-AX, but
their effect on baking properties appears to differ (Courtin et al. 1999). Upon
water absorption by WE-AX, the viscosity of free water in the dough
increases (Courtin et al. 1999) and WE-AX with higher molecular weight
causes a larger increase in water absorption (Biliarderis et al. 1995). The
WU-AX component instead traps the water it absorbs, as it is insoluble,
limiting the water available to gluten protein during gluten network
development (Wang et al. 2003). The impact of AX on gas retention is more
difficult to study (Courtin & Delcour 2002) and some conflicting results have
been reported. Reconstruction studies of wheat flour performed by

26



fractionating the flour and enzymatically treating the fractions rich in AX
have demonstrated that removal of WU-AX significantly improves loaf
volume and decreases absorption, while solubilising AX improves loaf
volume even further (Courtin et al. 1999). Degrading WE-AX has a negative
impact on loaf volume, in agreement with results showing that addition of
WE-AX increases loaf volume (Courtin & Delcour 1998). Contrary to this,
Shogren et al. (1987) observed in correlation studies that water-extractable
pentosans were correlated negatively with loaf volume, although this could
potentially be caused by a negative correlation between water-extractable
pentosans and protein content in the sample set used in that study.

There are multiple theories on how AX influences gas retention. Hoseney
(1984) suggested that WE-AX contributes to gas retention by slowing the
diffusion rate of carbon dioxide, while Gan et al. (1995) suggested that the
dough is stabilised by a liquid film surrounding gas cells. When gas cells
expand beyond the capacity of the gluten network, this liquid film maintains
the integrity of the gas cells (Gan et al. 1995). The liquid film in turn is
stabilised by WE-AX, increasing its viscosity and lowering the surface
tension (Gan et al. 1995). In contrast, WU-AX is present as fragments in the
dough which, in addition to blocking gluten network formation, may rupture
the liquid film and thus have a negative impact on loaf volume (Courtin and
Delcour 2002). It has also been suggested that WE-AX forms a network
which enforces the gluten network (Jelaca and Hlynca 1972). However, since
AX originating from the starchy endosperm has very a low ferulic acid
substitution level (Barron et al. 2007; Saulnier et al. 2012), this level of cross-
linking seems unlikely in sieved wheat flour.

The impact of AX on baking properties has mainly been studied to date
by addition of AX, enzymatic treatment and correlation studies (Gan et al.
1995). However, the source of the added AX or the enzyme levels tested may
not be suitable for uncovering the impacts of AX on baking properties when
present at endogenous levels in wheat flour. Results from correlation studies
may be more directly applicable, but robust characterisation of the material
studied is necessary as parameters other than those studied may vary. For
example, Herndndez-Espinosa et al. (2020) observed a positive correlation
between WE-AX and alveograph strength in CIMMY T wheat breeding lines,
but a stronger correlation between WE-AX and results of an SDS
sedimentation test, indicating that quality differences may mainly be caused
by differences in protein composition.
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2.2.3 Starch

Starch is the main component in wheat flour, but its influence on baking
quality is limited. Starch consists of two different glucose polysaccharides:
amylose, which is smaller and linear, and amylopectin, which is larger and
highly branched. Wheat starch contains 65-82 % amylopectin and 18-35 %
amylose (Rhazi et al. 2021). Amylose and amylopectin are organised in
semi-crystalline granules that are classified as: A-type granules, which are
greater than 15 pm and of lenticular shape; B-type granules, which are
spherical with diameter 5-15 um; or C-type granules, which are smaller than
5 pum (Rhazi et al. 2021). Rhazi et al. (2021) found the average granule
content to be 75 % A-type, 21 % B-type and 4 % C-type in wheat, with
variations mainly being genetically determined. A-type granules are reported
to contain slightly more amylose (Zhang et al. 2016). The impact of granule
size distribution on baking quality is not well studied and test baking with
varying granule type ratios have yielded contradictory results (Wilson et al.
2006).

There may be competition for water between starch and gluten proteins
in dough, as the water content is limited. At room temperature, starch
granules absorb water to up to 50 % of their weight (Goesaert et al. 2005).
However, around 8 % of the starch in grain is damaged during milling, which
drastically increases its water absorption capacity (Goesaert et al. 2005).
Damaged starch is more susceptible to hydrolysis, which increases the
amount of sugar available during fermentation. When starch granules are
heated at sufficient water levels, they gelatinise. The crystalline structure
begins to melt and absorb more water, which leads to swollen distorted
granules and leaching of amylose. A-type granules have a higher
gelatinisation temperature and higher peak viscosity (Zhang et al. 2016).
Upon cooling the amylose partially recrystallises, a process known as
retrogradation. Amylopectin retrogrades during bread storage which, in
combination with water migration from crumb to crust, leads to bread staling.

2.2.4 Lipids

Lipids comprise ~2-3 % of wheat flour and originate from the endosperm,
the aleurone and the germ (Figure 3). The lipid composition in flour is
therefore affected by milling procedures (Chung et al. 2009). Approximately
40 % of the lipids in flour are phospholipids bound inside starch granules,
and do not have a direct effect on baking properties. The non-starch lipids in
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flour comprise around 57 % non-polar lipids, 25 % galactolipids and 18 %
phospholipids (Melis & Delcour 2020), with composition varying slightly
between varieties and years (McCormack et al. 1991).

Endogenous lipids are known to affect baking quality, e.g., lipid
reconstitution studies on defatted flour have revealed non-linear
relationships between loaf volume and the polar lipid content in flour (Gan
etal. 1995). This non-linear relationship may be explained by applying liquid
film theory to gas cell stabilisation, where polar lipids impede the stabilising
impact of surface-active proteins and vice versa (Gan et al. 1995).
Correlation studies have also indicated that endogenous lipids affect baking
quality, as the ratio of non-polar lipids to polar lipids has been found to be
correlated negatively with loaf volume in several studies (McCormack et al.
1991; Melis & Delcour 2020).

Test baking methods differ in terms of whether fat, or shortening, is
included in the recipe. Fats that are solid at room temperature are suggested
to adsorb to the gas cell surface. When these fats melt during baking, this
increases the amount of liquid at the gas cell surface, which prevents
coalescence between gas cells (Pareyt et al. 2011). The interaction
mechanisms between shortening, endogenous polar lipids and surface-active
proteins are not known. The degree of impact that endogenous lipids have
on baking quality in commercial flour is therefore likely to vary with bakery
products, milling practices, wheat varieties and wheat growing
environments.

Bran

Aleurone

Endosperm

Germ

Figure 3: Illustration of a wheat grain. Sieved wheat flour is mainly composed of

endosperm material, but traces of other material are also incorporated during milling.
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2.25 Enzymes

Wheat flour contains enzymes, which can affect baking quality by modifying
flour components upon dough production. a-Amylase has the most well-
studied effect on baking quality, and a-amylase levels in wheat grain may
increase due to sprouting (Brijs et al. 2009). Wheat with high a-amylase
activity is not commonly used for bread production, as it leads to high starch
degradation and sticky doughs. Moderate a-amylase activity is desired to
produce reducing sugars, which are more easily fermented by bread yeast,
and a-amylase levels are therefore sometimes increased in flours by adding
malt. Falling number is routinely used to measure a-amylase activity
indirectly (Olaerts et al. 2016). B-Amylase activity has a weak correlation
with falling number, due to its stable levels during grain maturation (Olaerts
et al. 2016). The activity of peptidases is also correlated poorly with falling
number, as they form at a much slower rate than o-amylases during
germination (Brijs et al. 2009). Lipases have also been detected in wheat
flour (Mousavi & Kadivar 2018).

The enzymes present in wheat flour may be of endogenous or microbial
origin. On analysing wheat kernels harvested at peak maturity, Olaerts et al.
(2016) found that around 90 % of endoxylanases were of microbial origin.
However, the impact of these on breadmaking is unclear, due to the presence
of Triticum aestivum endoxylanase inhibitor (TAXI) (Courtin and Delcour,
2002). Endogenous endoxylanase activity is strongly correlated with a-
amylase activity and falling number (Olaerts et al. 2016). Assays of enzyme
activity are available for multiple enzymes, but it should be noted that the
conditions in these assays are completely different from dough conditions,
where water and substrates are present in limited amounts (Brijs et al. 2009).

2.3 Quality fluctuations

Stable flour quality is of high importance to industrial bakeries. Fluctuations
in baking quality are primarily caused by differences in wheat genotype and
growing environment. For protein quality, genotype and environment play
an approximately equal role (Johansson et al. 2013). The protein polymer
structure is heavily affected by environmental factors such as nitrogen
availability, precipitation and temperature during both plant development
and grain maturation (Johansson et al. 2013). In a study of different
CIMMYT wheat varieties, Guzman et al. (2022) linked several LMW-GS
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and HMW-GS to different quality traits and found that while environment
affected the quality, the correlations between glutenin subunit genes and
quality persisted across varieties. Differences in plant development time
between varieties also affect protein polymer structure (Malik et al. 2011).

In sieved wheat flour, the AX content is primarily determined by
genotype (Shewry et al. 2010; Marion & Saulnier 2020), with the
HEALTHGRAIN screening of wheat flour showing that genotype has twice
as much influence as environment on the WE-AX content (Shewry et al.
2010). For WU-AX, the influence of genotype is even greater (Shewry et al.
2010). According to Rhazi et al. (2021), the amylose:amylopectin ratio in
bread wheat is mainly determined by the growing environment. Labuschagne
et al. (2007) observed some correlations between amylose:amylopectin ratio
and baking quality aspects, but these were not replicable between
environments, despite the amylose:amylopectin ratio being stable across the
environments included in that study.
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3. Aims

Research on wheat flour baking quality has shown that many different
aspects may influence the quality, but the aspects that are most relevant in
different commercial contexts are not always clear. When studying one
aspect at a time, other unmonitored parameters may mask the effect of the
parameter of interest. The aim in this thesis was therefore to monitor a large
number of parameters. A large sample set was used to ensure that relevant
quality fluctuations were captured. The research questions addressed were as
follows:

= How do flour components affect baking quality?
= What are the best instruments for use in quality control?
= Can test baking be reduced by implementing prediction models?

The effects of flour components on baking quality were investigated in the
studies described in Papers I-111. Arabinoxylans were investigated in Papers
I and I1, while the protein composition in flour was examined in Paper Il and
the protein composition in dough in Paper I1l. Quality control instruments
were evaluated in Paper |1, as was the question of reducing test baking using
prediction models.
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4. Materials and methods

4.1 Project outline

Material was collected continuously during harvest years 2018 and 2019 at
two Swedish flour mills (Lantménnen Cerealia), located in Malmé in
southern Sweden and Strdngnds in central Sweden, to obtain samples
representing relevant quality variations (Table 1). The material used is
described in detail in Paper 1. Routine quality control data, including test
baking data, were supplied by the mills. All wheat material collected during
this thesis work was of acceptable quality according to the quality control
results. Additional quality control instruments of potential interest to the
mills were applied to this sample set (Table 2), with the aim of evaluating
both the instruments and the samples. Damaged starch content was analysed
using one of these instruments. Instruments and test baking methods are
described in detail in Paper Il. The AX composition (Paper 1) and protein
composition (Paper I1) in flour was analysed at the Swedish University of
Agricultural Sciences (SLU). Protein composition was also analysed in
doughs prepared in an alveograph for a subset of samples, to further
understand the changes that proteins undergo during mixing and to link
protein composition to baking quality. This is described in detail in Paper I11.

Table 1: Number of samples collected from the mill in Malmé and that in Stréngnés (in
brackets)

Harvest year  Winter wheat Spring wheat  Flour blends Total
2018 46 (11) 18 (6) 29 (0) 93 (17)
2019 59 (12) 21 (7) 24 (6) 104 (25)
Total 105 (23) 39 (13) 53 (6) 197 (42)

35



Table 2: Instruments applied during the work in this thesis

Instrument Metric

Alveograph Biaxial extension

Amylograph Pasting

Falling number a-Amylase activity

Farinograph Mixing characteristics
Glutomatic Wet gluten

Mixolab Mixing characteristics during heating and cooling
Near infrared transmittance Protein content and water content
Rapid visco analyser Pasting

Rheo F4 Fermentation

SDmatic Damaged starch

SRC-Chopin 2 Solvent retention

Test baking Loaf volume

4.2 Limitations of the work

The focus in this thesis was on the baking quality of commercially milled
and sieved wheat flour. Only pure wheat flours were included in the analyses,
i.e., without addition of malt or ascorbic acid. Spelt and durum flours were
considered beyond the scope of the work. The specific varieties or growing
environments were not known for the samples, due to their commercial
nature. The two mills in Sweden selected for sample collection were chosen
because they have the same quality control routine, with the same methods
of test baking. Additional quality control instruments tested were limited to
those available at collaborating sites that could be allocated to the research
in this thesis for a sufficient time. Due to time restrictions, analysis of flour
components was limited by the availability of sufficiently high-throughput
methods and equipment availability. As a result, this work focused on
arabinoxylan composition, protein composition and damaged starch content.

4.3 Quantification of components

Arabinoxylans were quantified using a high-throughput method developed
within this thesis work (Paper 1). It is based on the Uppsala method for
determining dietary fibre content described by Theander et al. (1995), with
modifications by Andersson et al. (1999). The main adjustment is that the
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method in this thesis solely quantifies AX and excludes other dietary fibre
types. This was deemed necessary for the present context as it reduced the
number of days needed for extraction. The main consequence of this was that
B-glucan and cellulose were not quantified. The impact of these compounds
on baking quality is likely to be lower than that of AX, as cellulose and f-
glucan originating from wheat have low solubility (Beresford and Stone
1983; De Paula et al. 2017; Rakha et al. 2011) and are present in lower
amounts (Saulnier et al. 2012). In addition to these adjustments, smaller
volumes were analysed in order to reduce the test tube size, allowing more
samples to fit in the centrifuge and autoclave. This reduction in sample size
was deemed appropriate as sieved wheat flour is relatively homogeneous
compared with wholegrain material. Depending on the workload, the method
could be further adjusted by quantifying the samples using high performance
liquid chromatography (HPLC) instead of gas chromatography (GC), as this
would remove the acetylation step, which would reduce the workload by half
a working day.

The protein composition in flour (Paper I1) and dough (Paper I11) was
analysed by extraction by sonication in SDS buffer and quantification using
size exclusion (SE)-HPLC. This method was selected as it is high-throughput
and well-used. Glutenin polymers are stabilised by SS bonds and interact
strongly with other polymers and gliadins through arrays of hydrogen bonds.
There is no consensus on which extraction method is best for separating
polymers without disrupting SS bonds (Shewry & Lafiandra 2022).

4.4 Statistical approach

The dataset was primarily analysed using principal component analysis
(PCA) and partial least square regression (PLS) modelling in SIMCA 17,
alongside with visual examination of the data. PCA and PLS are multivariate
methods which compress the variation of individual variables in principal
components (PC) or latent variables describing the overall variation in the
dataset. This provides an overview of the relationships between multiple
variables. A major advantage of multivariate modelling is that the variables
analysed can be dependent, which applied to most variables in the dataset in
this thesis. The PLS model optimisation process is described in Paper II.
Correlations were calculated using Minitab and all correlations presented in
this thesis are statistically significant (p<0.05).
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5. Results and discussion

5.1 Effects of flour components on baking quality

Stable quality is the most important aspect when supplying flour to industrial
bakeries. The variation in the commercial flours analysed in this thesis was
therefore low compared with the variation that may be observed in other
research projects. In fact, all samples collected during this thesis work were
of acceptable quality. However, there were still some distinct variation
patterns in the sample set (Figure 4), which could be linked to the different
flour components.
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Figure 4: Principal component analysis (a) score plots and (b) loadings plots for the full
sample set. Scores for flours milled in Strangnés are marked with S, circle indicates 95
% Hotelling’s T2 distribution. Score abbreviations: SW = spring wheat, WW = winter
wheat, 18 = 2018, 19 = 2019. Loading abbreviations for alveograph: P = tenacity, L =
extensibility, W = strength, El = elasticity index, Dmin = minimum derivate.
Arabinoxylan abbreviations: WU-AX = water-unextractable arabinoxylan, WE-AX =
water-extractable arabinoxylan. Composition abbreviations: DS = damaged starch, PC =
protein content. Farinograph abbreviations: WA = water absorption, DDT = dough
development time, S = stability, DoS = degree of softening. Glutomatic abbreviations:

40



Gl = gluten index, WG = wet gluten. Mixolab (ML) abbreviations: C1 consistency at
absorption, CS = consistency at 8 min, C2 = protein weakening, C3 = starch
gelatinisation, C4 = hot gel stability, C5 = starch retrogradation, S (ML) = Mixolab
stability, WA (ML) = Mixolab absorption, DDT (ML) = Mixolab dough development
time. RheoF4 abbreviations: Proof V = proofing volume, CO2 ret. = CO; retention. SE-
HPLC abbreviations: TOTE = total extractable protein, TOTU = total unextractable
proteins, %UPP = percentage of unextractable polymeric protein in total polymeric
protein, Mon/Pol = monomeric-to-polymeric protein ratio. Solvent retention capacity
(SRC) abbreviations: CO3 = sodium carbonate SRC, LAc = lactic acid SRC, Suc =
sucrose SRC, Gluten perf = SRC gluten performance. Test baking abbreviation: Loaf V
= loaf volume.

5.1.1 Differences between sample groups

The winter wheat and spring wheat samples differed in terms of both genetics
and environment, with different wheat varieties, harvest seasons and
different soils represented in the dataset. Winter wheat has multiple end-uses,
while spring wheat is only grown for bread wheat. Spring wheat is a less
commonly farmed crop in Sweden and is grown in fewer fields using fewer
varieties. These factors may have contributed to spring wheat displaying
lower variation in the dataset (Figure 4a). Winter wheat and spring wheat
differed significantly in terms of most parameters measured (Paper 1), with
protein content being the leading difference between the flour types (Figure
4). The AX composition and damaged starch content also differed between
winter and spring wheat (Figure 5b-c), as reflected in the score placement
along PC1 in Figure 4a. On average, the total AX content did not differ
between the flour types, but AX content and composition was more varied
in winter wheat (Paper 1). As a result of these distinct differences, the flour
types were investigated separately when evaluating quality instruments and
loaf volume predictions (Paper I1).

There was a drought in Sweden during 2018, causing the lowest harvest
seen for 25 years. Plant nitrogen uptake was low due to dry soils and
temperatures reached 30 °C during grain maturation (Lama et al. 2022).
Kernel size was small, with low moisture content. The low nitrogen uptake
led to fertiliser remaining in the fields after harvest, resulting in high protein
content in grain in 2019 despite the higher harvest. This led to protein content
not differing significantly between the harvest years (Paper I1).

Due to the low harvest of spring wheat during 2018, the flour blend
contained more winter wheat in that year (Paper 1). As a result, the AX
composition in the flour blend differed between harvest years (Paper 1), but
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this did not cause any apparent differences in protein composition between
harvest years for the flour blend. There were fewer links between
composition and quality for the blend compared with winter and spring
wheat. Overall, the flour blend displayed weak correlations between the
parameters measured and low variability within harvest years. As a result,
loaf volume could not be predicted for the flour blend. This thesis therefore
generally focused more on winter and spring wheat rather than flour blends.

5.1.2 Flour components affecting water absorption

Samples were collected from two mills: Malmg, located in southern Sweden,
and Strangnas, located in central Sweden. The varieties grown in the two
regions were similar for spring wheat but differed somewhat for winter wheat
(Paper 1). Flours from Malmé and Strangnas mainly differed in water
absorption, as seen by the score distribution along PC2 in Figure 4. Winter
wheat milled in Strdngnds had a higher proportion of damaged starch, AX
and ash content compared with the corresponding flour from Malmé. Spring
wheat from Strédngnés also had a higher amount of damaged starch than that
from Malmo. These different levels of components indicated possible
differences in milling practices between the two locations. However, the
Strangnas flour mainly had higher levels of WE-AX, which originates from
the endosperm (Marion & Saulnier 2020) and was therefore not caused by
bran inclusion during milling. Thus, differences in growing environment and
possibly also varieties probably explained the composition difference
between Malmé and Strangnés (Paper 1), in addition to milling practices.
Concentrations of damaged starch, AX and protein all affect water
absorption (Courtin et al. 1999; Greer and Stewart, 1959). The differences in
these parameters between Strangnés and Malmd thus contributed to major
variation in water absorption in winter wheat flour, as seen by the large score
distribution along PC2 in Figure 4. Damaged starch, AX and protein content
were positively correlated in winter wheat (Paper 1), making it difficult to
discern whether any of these components had a larger effect on water
absorption. In spring wheat, water absorption was correlated with damaged
starch content (R = 0.36), but not protein content or AX content (Figure 5).
Compared with winter wheat, the AX content was more consistent in spring
wheat, while the protein content varied more in spring wheat. The lack of
correlation between water absorption and protein content in spring wheat,
despite the high variation in protein content, indicated that protein content
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Figure 5: Farinograph water absorption plotted against (a) protein content, (b) damaged
starch content and (c) total arabinoxylan (AX) content. Winter wheat is coloured blue
and spring wheat is coloured red, with harvest year 2018 in darker shades. Separate
trendlines for winter and spring wheat are shown in black. Samples milled in Strangnas
are marked with S.

had a low effect on water absorption in these samples. However, protein
content might have had a larger effect on water absorption in other harvest
years, as the protein content did not differ between 2018 and 2019, which
limited the sample set variation.

Lower variation in quality was observed for winter wheat during 2018
compared with 2019 (Papers | and 1), as seen by lower score distribution
when modelling baking quality or AX composition (Figure 4a). This could
have been caused by a more consistent environment during 2018 compared
with 2019, as the drought in 2018 affected all of Sweden. The WE-AX
content was somewhat higher during 2019 for winter wheat milled in
Strangnas, despite similar varieties being supplied to Strangnas in both
harvest years (Paper 1). This agrees with observations by Rakszegi et al.
(2014) of lower WE-AX content in winter wheat under drought conditions.
However, in Malmo the WE-AX levels were higher during 2018 (Paper I).
This inconsistency could possibly be due to differences between harvest
years in the varieties supplied to Malmo.

5.1.3 Protein composition in flour

Winter wheat differed in quality between harvest years, with significantly
higher dough strength and percentage of unextractable polymeric protein in
total polymeric protein (%UPP) during 2018 (Figure 6a). In general, %UPP
increases under drought conditions, as the low moisture content in the grain
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promotes hydrogen bond formation between protein polymers (Johansson et
al. 2008; Lama et al. 2022; Shewry & Lafiandra 2022). Low nitrogen uptake
is also associated with lower formation of monomeric protein (Johansson et
al. 2001). For spring wheat, dough strength did not differ between harvest
years, but dough stability was higher during 2018 for spring wheat from
Strangnas (Figure 6b). %UPP content did not differ for spring wheat between
harvest years at either location.
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Figure 6: Percentage of unextractable polymeric protein in total polymeric protein
(%UPP) in flour plotted against (a) alveograph strength (W) and (b) farinograph stability,
and (c) protein content plotted against loaf volume. Samples milled in Strdngnés are
marked with S.
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On comparing rheological parameters and protein content and composition,
surprisingly few correlations were consistent between winter and spring
wheat. Overall, %UPP was correlated with strength, while total extractable
protein (TOTE) was correlated with Mixolab dough development time.
Protein content, as determined by near-infrared transmittance (NIT), did not
display any significant consistent correlations between winter and spring
wheat for any of the rheological instruments tested. This lack of links
between rheology and protein composition was likely caused by the low
variation in the set of commercial flours analysed. More consistent trends
were noted when using PCA modelling in Paper I, with %UPP clustering
with stability and strength, and monomer-to-polymer ratio placing
orthogonally to tenacity. However, the spring wheat PCA model developed
in Paper Il was quite unstable, with SE-HPLC loading placements changing
depending on the parameters included. The flour blends displayed very weak
correlations between protein composition and rheology, possibly due to
differences between flour blend samples mainly arising from the spring
wheat inclusion ratio differing between harvest years. Protein composition
did not differ greatly between winter wheat and spring wheat, except for
winter wheat from Malmé in 2019 (Figure 6a). This allowed winter and
spring wheat to be investigated jointly in Paper Il1.

5.1.4 Protein composition in dough

Gluten composition differs between flour and dough, as the hydration levels
increase and forces are applied during mixing. To better understand why the
rheological behaviour aligned poorly with flour protein composition, 26
doughs were prepared in the alveograph and dough protein composition was
analysed (Paper IlI). Samples were selected from a fixed range of
farinograph absorption, to exclude the link found between tenacity and water
absorption (Paper II).

On analysing the protein composition in dough, higher variation was
observed for the monomer-to-polymer ratio. For this parameter, a difference
was seen between winter wheat and spring wheat, which was not visible for
the corresponding flour. In dough, spring wheat displayed a proportionally
higher content of monomeric protein than winter wheat. This agrees well
with reported proportionally higher production of monomeric protein in
wheat supplied with more nitrogen (Johansson et al. 2013). This may indicate

45



that not all monomeric protein was released during protein extraction in flour
and that non-covalent interactions remained during quantification.

Compared with the protein composition in flour, dough protein
composition was more strongly correlated with the alveograph parameters
measured. This was observed on combining winter and spring wheat, and
also when only considering winter wheat. Dough strength was correlated
strongly with dough total unextractable proteins (TOTU) and dough %UPP.
Dough tenacity was correlated negatively with monomer-to-polymer ratio in
dough and TOTE, and positively with dough %UPP.

It should be noted that these observations were made on a small subset of
samples, selected to exclude the effect of other flour components. Stronger
correlations can be expected between alveograph parameters and dough
prepared in that alveograph, compared with flour. The main outcomes from
these tests in this thesis work were therefore a better understanding of
alveograph parameters, and indications of the potential and limitations of
wheat protein extraction and SE-HPLC.

5.2 Screening of instruments for quality control

Quality control tests are routinely performed on flour and dough to ensure
that the flours milled are of acceptable quality. The actual tests used vary
between mills and countries, while selection of tests is also partly influenced
by tradition. There is some uncertainty regarding whether all relevant
fluctuations in baking quality are captured by the quality control instruments
applied in Swedish mills. Paper Il used prediction models to evaluate the
most suitable instruments for use in measuring baking quality in the two
Swedish mills from which materials were obtained for this thesis work.
Partial least square regression (PLS) models predicting loaf volume were
generated and optimised against the variable importance in projection (VIP)
scores to increase the predictive capacity while limiting the number of
instruments included (Paper I1). A high VIP score indicates strong predictive
capacity of a parameter, while exclusion of parameters with lower VIP scores
has a smaller effect on the PLS model. The selected sets of instruments for
the different flour types can be seen in Figure 7. These comprised: protein
content determined by NIT, alveograph, farinograph, Glutomatic, SDmatic
and Mixolab. Protein composition and AX composition did not improve loaf
volume predictions, except for TOTE in spring wheat flour. Inclusion of
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%UPP yielded a high VIP score in the winter wheat PLS model, but did not
improve predictions. The other strength-related parameters included
appeared to fully capture the information carried by %UPP relevant for
predicting loaf volume.
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Figure 7: Variable importance in projection (VIP) scores of partial least square regression
(PLS) models predicting loaf volume (presented in Paper Il) for (a) winter wheat, (b)
spring wheat and (b) flour blends. Confidence intervals indicate VIP score stability
during cross-validation. Alveograph abbreviations: P = tenacity, L = extensibility, W =
strength, El = elasticity index, Dmin = minimum derivate. Composition abbreviations:
PC = protein content, DS = damaged starch. Farinograph abbreviations: WA = water
absorption, DDT = dough development time, S = stability, DoS = degree of softening.
Glutomatic abbreviations: Gl = gluten index, WG = wet gluten. Mixolab (ML)
abbreviations: CS = consistency at 8 min, C5 = starch retrogradation.

47



5.2.1 Instruments for measuring flour quality

The NIT method was used to determine protein content. The values obtained
were well correlated with total protein content (TOTE+TOTU) as analysed
by SE-HPLC (R = 0.93 and R? = 0.87, respectively). The samples that
deviated from the trend had a higher protein content determined by SE-
HPLC, likely caused by errors during TOTU extraction.

The Glutomatic system quantifies wet gluten and gluten index, which
gives a rough estimate of gluten strength. In both winter and spring wheat,
gluten index was correlated with farinograph stability (R = 0.34 and 0.38,
respectively) and degree of softening (R =-0.37 and -0.43, respectively), but
not with other strength parameters. Wet gluten and gluten index were quite
unstable across cross-validations, as indicated by the VIP error bars in Figure
7a-b, but the coefficient of variation was not especially large (Paper Il). The
Glutomatic was experienced as having a relatively high error rate, with
operators often having to repeat measurements. The significant difference in
gluten index between samples from Malmd and Stréngnés identified in Paper
Il could therefore be due to different practices by those performing the
measurements.

An SDmatic device was used to estimate damaged starch content.
Damaged starch content was found to be correlated with loaf volume in
spring wheat (R = -0.50) and in the flour blend (R = -0.56), but not in winter
wheat. These strong correlations may in part be caused by both loaf volume
and damaged starch differing between harvest years for the flour blend, and
between locations for spring wheat. The differences in loaf volume may have
been caused e.g., by the flour blend containing less spring wheat during
2018, which could have resulted in lower loaf volume and higher damaged
starch content. However, the correlations persisted when considering the
harvest years separately. The SDmatic was highly effective in quantifying
the amount of damaged starch, so it would be useful to implement in routine
testing, especially at the start of new harvest years.

An SRC-Chopin 2 device was used to measure solvent retention capacity
(SRC) and thus rapidly estimate flour components present based on
absorbance of different solvents, with lactic acid SRC being associated with
glutenin, sodium carbonate SRC with damaged starch, and sucrose SRC with
pentosans (AACC 56-15.01). For winter wheat, these SRC parameters were
correlated significantly with the corresponding flour components, but for
spring wheat and the flour blend no correlations were found between SRC
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and flour components. This might be due to the lower variation in these flour
types. None of the parameters improved loaf volume predictions. Routine
implementation of the SRC-Chopin 2 device is therefore not recommended
for commercial Swedish flours at this time. However, sucrose SRC may be
useful for evaluating quality deviations, as changes in this parameter may be
caused by irregular AX content.

5.2.2 Rheological quality instruments

The RVA device measures starch gelatinisation behaviour. In this thesis,
RVA peak time was correlated positively with loaf volume in winter wheat
(R =0.35), which was similar to the strength of correlation between protein
and loaf volume (R = 0.36). However, on considering the harvest years
separately, no linear trend remained for RVA peak time, while the linear
trend became slightly stronger for protein. For this reason, RVA was not
included in the winter wheat PLS model presented in Paper 11. Adding peak
time to the winter wheat PLS model decreased root mean squared error of
prediction (RMSEP) from 74 to 70 ml and increased Q?Y from 0.50 to 0.56,
indicating an increase in model performance. However, this improvement
was not deemed to be of sufficient significance for inclusion of an additional
instrument for routine quality control. The RVA peak viscosity and peak
time were strongly correlated with AX content in winter wheat flour and the
flour blend, which should be kept in mind when interpreting these
parameters. For comparison, the amylograph parameters were not correlated
with AX content, which may be an advantage if one is only interested in
starch behaviour.

Fermentation volume and CO; retention were measured using a RheoF4
device. In winter wheat and the flour blend, alveograph elasticity index (EI)
was correlated positively with CO, retention, and protein content was
correlated positively with fermentation volume. There was no correlation
with loaf volume and no contribution to loaf volume predictions for any flour
type. The RheoF4 instrument was thus not deemed suitable for routine
quality control of Swedish commercial flours.

The alveograph measures biaxial extensibility, and multiple alveograph
parameters were included in each loaf volume prediction model (Figure 7).
Tenacity (P) was mainly determined by damaged starch content and AX
content (Paper 1) and was significantly correlated with water absorption. On
examining the protein composition in dough using a subset of samples with
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fixed water absorption, it was found that monomer-to-polymer ratio, TOTE
and %UPP also influenced tenacity (Paper III). Extensibility (L) was
positively correlated with TOTE in spring wheat and the flour blend, and in
the winter wheat subset with fixed water absorption (Paper I11). Strength (W)
was positively correlated with %UPP in both winter and spring wheat.
Overall, the alveograph results were strongly affected by the different flour
components, but parameter interpretation was obstructed by the dough
analysed not being optimally hydrated. The alveograph has an alternative
protocol using adapted hydration, but operators found the dough from this
protocol to be sticky and difficult to handle.

The farinograph uses adjusted hydration, giving a reliable measurement
of water absorption corresponding to the damaged starch and AX content
(Figure 5). This may mean that the farinograph is more suited for Swedish
winter wheat compared with the alveograph, since water absorption varied
greatly in the winter wheat samples analysed in this thesis. As found for the
parameters related to mixing properties, the coefficient of variation was quite
high for the farinograph parameters, especially for stability (Paper I1). This
may indicate low precision of the farinograph device since e.g., the stability
did not differ significantly between harvest years, despite the drought in
2018, and none of the farinograph parameters was correlated with protein
content or protein composition. Despite this, in accordance with model
optimisation steps, farinograph parameters were included in winter wheat
and spring wheat PLS models predicting loaf volume (Figure 7), which
might be related to the fixed mixing time used during test baking.

Mixolab measures torque during mixing of a dough that is gradually
heated and cooled. This yields several parameters similar to those obtained
by the farinograph. However, the results obtained for the test materials in this
thesis were quite different, with winter wheat displaying a very uneven
distribution for stability and dough development time when analysed in
Mixolab (Figure 8). In addition, Mixolab dough development time had a
much higher coefficient of variation than the corresponding farinograph
parameter (Paper Il). Because of this, Mixolab parameters were excluded
from the winter and spring wheat PLS models (Figure 7a-b). The flour blend
PLS model included parameters CS and C5 measuring protein and starch
behaviour (Figure 7c). However, the interpretability of these parameters was
low, with small numerical differences being significant (Paper II). These
parameters are commonly evaluated visually using the Mixolab curve, an
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approach ill-fitted for routine quality evaluations. To increase understanding
of the consistency parameters, the Mixolab approach was further evaluated.

5.2.3 Potential use of the Mixolab for quality control

Mixolab is commonly used in recipe formulation and improver selection. Its
applicability in wheat breeding has also been studied (Koksel et al. 2009;
Dhaka et al. 2012; Vazquez & Veira 2015). The suitability of Mixolab tests
for quality control in Swedish mills was evaluated further in this thesis by
examining the Mixolab parameters and raw data curve obtained for test
samples. Theoretically, the curve maxima and minima consistencies (C1-C5)
and timepoints (t1-t5) correspond to curve regions linked to absorption,
protein weakening, starch gelatinisation, hot gel stability and starch
retrogradation. First, PCA modelling combining Mixolab parameters and
flour component data was used to examine whether this parameter
interpretation corresponded to composition differences. Similar approaches
have been used by Dhaka et al. (2012) and Singh et al. (2019). Winter wheat
and spring wheat were modelled separately.

Damaged starch content was the only flour component with distinct and
consistent loading placement, correlating negatively with C3 (starch
gelatinisation). Other component parameters (protein content, protein
composition, AX composition and falling number) did not appear to strongly
affect Mixolab parameter loading placement. Mixolab measures dough
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Figure 8: Comparison of (a) dough stability (S, minutes) and (b) dough development
time (DDT, minutes) analysed by farinograph compared with Mixolab. Samples milled
in Strangnés are marked with S. Note different scale on the x- and y-axis.
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behaviour during heating, which should primarily be affected by starch and
enzymes. These components were not thoroughly analysed in this thesis,
which limited interpretability of the results. A study by Dhaka et al. (2012)
observed similar damaged starch loading placement, but also a negative
correlation between falling number and C4 loadings and a positive
correlation between glutenin-to-gliadin ratio and Mixolab loadings related to
dough strength. A later study by Singh et al. (2019) observed similar trends.
Both those studies used wheat breeding material with distinct characteristics,
with a much higher variation than the commercial flour samples used in this
thesis, so stronger results could therefore be expected.

Next, numerous PLS models were generated to evaluate whether the
Mixolab data could predict flour components, quality parameters or loaf
volume. Winter wheat and spring wheat were modelled separately, with both
Mixolab parameters and the data curve tested as X-matrices. The data curve
performed consistently worse than the Mixolab parameters, as continuous
data with peaks shifting in time are difficult to quantify in a PLS model.
Protein content and damaged starch content were accurately predicted, but
not any other flour components. These predictions are of low interest, as the
content of damaged starch and protein can be rapidly measured. Loaf volume
could not be predicted using Mixolab data alone. Overall, quality parameters
from other instruments were not well predicted, except for alveograph
parameters. Prediction models of alveograph parameters are also built into
the Mixolab software.

To compare Mixolab and other instruments, separate PCA models were
built for Mixolab, alveograph, farinograph, RVA and SRC-Chopin. These
PCA models used winter wheat flour and were limited to only include
parameters from one instrument. On comparing the PCA models, it was
found the Mixolab R; and Q. values were by far the lowest and score
distributions indicated the other PCA models were better at distinguishing
flour milled in Strdngn&s. This indicates that Mixolab was unable to
differentiate wheat flours that were all of acceptable quality. Overall, it
appears that the Mixolab device is not suitable for quality control of
commercial flours. However, the instrument may be of use in plant breeding,
where the quality variations are higher, or for evaluating flour of deviating
quality in mills.
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5.3 Can test baking be reduced by prediction models?

The PLS models predicting loaf volume presented in section 5.2 and Paper
I were also used to evaluate whether the test baking performed in the two
mills could be reduced by implementing similar prediction models. The PLS
models for spring wheat and the flour blend did not perform reliably and are
therefore not included in this discussion. The PLS model for winter wheat
performed well, with a loaf volume RMSEP of 74 ml. While this was low,
the model did not appear to be overfitted, as the prediction error remained in
the same range when the number of parameters or latent variables were
changed. This model RMSEP can also be viewed in relation to the results of
linear regression of loaf volume against protein content, which gave an
RMSEP of 102 ml. These low RMSEP values were likely partly due to winter
wheat displaying the lowest range of measured loaf volume.

Test baking generally has a notable measurement error, which RMSEP
cannot fall below without the model being overfitted. The measurement error
of the test baking method used is not known, and may vary slightly between
products, as the test baking method used differs somewhat between products.
Theoretically, if model prediction error equal to the measurement error is
achieved, the error generated by the model is equal to zero. If this were the
case, predictive modelling would be a more reliable method than test baking.
This could be further evaluated by quantifying the measurement error of the
test baking method and expanding the test set to include samples from
additional harvest years. The alveograph would also need to be included in
routine quality control. Mixolab is not recommended for inclusion, for
reasons described in section 5.2.3. Including Mixolab parameters in the
winter wheat PLS model (Figure 7a) only decreased the RMSEP from 74 to
72 ml, which is of no consequence compared with the workload involved in
including another instrument. It should again be noted that all samples
analysed in this thesis were of acceptable quality. Upon implementation, any
new quality control routine should therefore apply test baking if a measured
parameter is outside the set specifications.
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6. Conclusions

The following answers were obtained for the three main research questions
addressed in this thesis:

How do flour components affect baking quality?

Water absorption was mainly affected by the content of damaged
starch and AX.

The 2018 drought affected the quality of winter wheat by
increasing %UPP and dough strength.

Dough protein composition was more strongly correlated with
alveograph results than flour protein composition.

What are the best instruments for use in quality control?

Near-infrared transmittance and SDmatic were efficient in
measuring protein content and damaged starch.

Alveograph parameters were strongly linked to the flour
components measured.

Farinograph and Glutomatic measurements contributed to loaf
volume predictions. However, both instruments displayed notable
measurement errors.

Can test baking be reduced by implementing prediction models?

Loaf volume was well predicted for winter wheat.

Quantification of the test baking measurement error is
recommended.

Prediction model utilisation would require routine implementation
of the alveograph in mill quality control.
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7. Outlook

This thesis explored different aspects of baking quality using commercial
wheat flour, so the conclusions are limited to this context. Within the cereal
industry, there many historical datasets that remain unexplored, but which
could yield insights of aid in optimisation of different steps of the grain value
chain. This thesis showed that quantification of wheat flour components can
assist in interpretation of different quality parameters but is of no commercial
interest to mills. The results of empirical rheological tests agreed better with
test baking results, but correlations between measurements produced by the
different instruments tested were generally weak. Some of these instruments
were developed based on wheat varieties no longer in use and some could
benefit from an update of the protocol or parameter extraction.

It was difficult to find any link between wheat flour components and test
baking results, possibly due to limited variation in quality in the sample set
used in this thesis. Despite this, the approach of analysing multiple flour
components proved promising in determining flour components affecting
different aspects of baking quality. This requires continued development of
high-throughput methods for quantifying flour components and of extraction
methods for glutenins. Enzymes and lipids were not suitable for analysis in
the sample set due to the test baking method used, but these components
could be further explored using an approach similar to that described in this
thesis.
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Popular science summary

Wheat flour is the main ingredient used in bakeries and needs to be of
consistently high quality for work in the bakery to run smoothly. At the same
time, wheat flour is a biochemical material that is strongly influenced by the
cultivar of wheat grown and conditions in the growing environment. This is
why Swedish mills devote much effort to quality control of the flours they
produce. Mills can check flour quality in many different ways, e.g., by
measuring protein content, water absorption capacity, dough strength, and
dough changes during kneading. Different mills use different measurements,
and this is partly guided by tradition. However, experience shows that even
if all stages of quality control produce good results, the wheat flour can
underperform when it is baked. For this reason, Swedish mills must commit
resources to test baking of their wheat flour. However, the results of test
baking vary greatly depending on the method used, which can mean that the
flour works well for some bakery products but causes problems for others.
This thesis examined the baking quality of wheat flour from several
perspectives. To assess whether the chemical composition of the flour affects
baking quality, three important components were measured: the composition
of gluten proteins, the content of arabinoxylan (which is the main fibre type
in wheat flour) and the amount of damaged starch in the flour. It was found
that a high content of gluten proteins of larger size led to larger loaf volume.
The other components in the flour mainly affected its water absorption
capacity. Tests were performed with different instruments used
internationally for quality control, to see if the quality control system of the
participating Swedish mills could be improved. Tests were also performed
to investigate whether test baking is a necessary step in quality control or
whether baking test results could be predicted based on the results of other
analyses. Promising results were obtained for winter wheat, the main crop in
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Sweden. Reducing the amount of test baking needed for winter wheat by
using prediction models instead could potentially lead to significant savings.

66



Popularvetenskaplig sammanfattning

Vetemijol ar den huvudsakliga ravaran for bagerier och behéver halla en hog
och jamn kvalitet for att arbetet i bageriet ska I6pa pa enligt plan. Samtidigt
ar vetemjol ett biokemiskt material som paverkas starkt av vilken vetesort
som odlats samt hur miljo och odlingsforhallanden sett ut. Svenska kvarnar
arbetar darfor hart med kvalitetskontroll av det vetemjol som produceras.
Flera olika aspekter kan matas, till exempel proteinhalt,
vattenupptagningsformaga, degstyrka, och hur mycket degen tal att knadas.
Vilka matt som anvands varierar mellan olika kvarnar och &r delvis styrt av
tradition. Erfarenhet visar dock att &ven om alla steg av kvalitetskontrollen
ser bra ut, s& kan vetemjolet underprestera nar man bakar pa det. Svenska
kvarnar lagger darfor stora resurser pa att provbaka sitt vetemjol.
Provbakningsresultat varierar dock mycket med vilken metod som anvéands,
vilket kan leda till att mjolet fungerar bra for vissa bageriprodukter, men
leder till oférutsedda problem for andra bagerier.

Denna avhandling har undersokt bakningskvaliteten hos vetemjol ur flera
perspektiv. For att se om mijolets kemiska sammansattning paverkar
bakningskvaliteten har tre viktiga parametrar maétts: glutenproteinernas
sammanséttning, mangden arabinoxylan (som &r den huvudsakliga
kostfibern i vetemjdl) och mangden skadad starkelse i mjolet. Har syntes det
att en hog halt och storre storlek pa glutenproteinerna ledde till en hogre
brédvolym. De andra komponenterna i mjolet paverkade framst vatten-
upptagningsformagan. Ett stort antal instrument som anvands internationellt
for kvalitetskontroll testades ocksa for att se om kvarnens arbetssatt kunde
forbattras. Slutligen undersoktes det om provbakning ar ett nédvandigt steg
i kvalitetskontrollen, eller om resultaten kunde forutséagas utifran de andra
analyserna som gors. Har syntes lovande resultat for hdstvete, som ar den
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storsta grodan i Sverige. Att minska provbakningen for hostvete genom att
anvénda prediktionsmodeller kan darfor leda till stora besparingar.
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A high-throughput method for quantification of water extractable arabinoxylan (WE-AX) and water unextract-
able arabinoxylan (WU-AX) was adapted for and evaluated on 197 commercial Swedish wheat flours, collected
continuously during harvest years 2018 and 2019. In the method, starch was hydrolysed by alpha-amylase and
WE-AX was precipitated with 80% ethanol. AX residues were quantified by gas chromatography after acid hy-

drolysis. The method had a good repeatability (2.1% RSD; for total AX). Spring wheat flour had a higher WE-AX
content (0.68%) and lower WU-AX content (1.19%) than winter wheat flour (0.56% and 1.31%). The variation of
total AX content was high for winter wheat flour (1.5-2.2%), with no correlation to ash or protein content. Total
AX content differed significantly both between harvest years and locations, indicating an impact from envi-
ronment on AX composition. Overall, the method enabled high-throughput analysis of wheat flour and can be
further used to study how endogenous AX impacts baking quality.

1. Introduction

Wheat is unique in its capacity to yield well aerated bread. Gluten is
the main factor impacting loaf volume (Goesaert et al., 2005), but
multiple studies indicate that arabinoxylan (AX) also is of importance
(Courtin et al., 1999; Gan et al., 1995). While the impact of AX on baking
properties may be less than that of gluten, it is still worthwhile to study.
Gluten consists of a wide arrange of large insoluble proteins (Goesaert
et al., 2005) which makes it difficult to quantify. As AX is easier to
quantify, it would be a great asset to the milling and baking industries if
AX could improve quality evaluations of wheat flour. Gluten content and
structures are heavily influenced by environment and genotype and can
vary considerably between harvest years (Johansson et al., 2013). This
can lead to fluctuations in quality which are difficult to predict and
manage. This in turn may mask the influence of flour components of a
smaller quantity, such as fibres, enzymes, and lipids, and makes it
difficult to assess their impact on baking quality.

AX is the main cell wall polysaccharide in the endosperm consti-
tuting 70% of the cell wall (Mares and Stone, 1973). Other cell wall
polymers include beta-glucan, 20%, glucomannan, 7% and cellulose,
constituting 2% of the cell wall in wheat endosperm (Mares and Stone,

1973). The total AX content in sieved wheat flour is typically around
2.2%, out of which about 25% is water-extractable AX (WE-AX) (Barron
etal., 2007). Still, quite a varying range has been observed with total AX
contents of 1.4-2.7% and WE-AX contents of 0.3-1.4% (Saulnier et al.,
2007).

AX in wheat is composed of p-d-xylopyranosyl residues linked
through 1 — 4 glycosidic linkages, partially substituted with o-L-arabi-
nofuranosyl at position 2 or positions 2 and 3 (Izydorczyk and Biliaderis,
1994). AX can also be substituted with ferulic acid, but the levels of
ferulic acid are low in the wheat endosperm (Saulnier et al., 2012). The
degree of arabinofuranosyl substitution determines the solubility of the
AX, with a lower substitution degree in water-unextractable AX
(WU-AX) and higher heterogeneity in WE-AX (Stone and Morell, 2009).

Both WE-AX and WU-AX contributes to increasing the water ab-
sorption, but the influence on baking properties appears to differ
(Courtin et al., 1999). The insolubility of WU-AX causes it to trap water,
limiting the water available for gluten development (Wang et al., 2003).
WE-AX instead increases the viscosity of the free water in the dough
upon absorption (Courtin et al., 1999). Gan et al. (1995) has theorized
that when dough expands beyond the capacity of the gluten network the
structure is stabilized by a liquid film that surrounds the gas cells and
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Table 1
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Mean values (% of dry matter) and standard deviations for total arabinoxylan content (total AX), water-unextractable arabinoxylan (WU-AX), water-extractable
arabinoxylan (WE-AX), unextractable Ara/Xyl-ratio (ara/xyl U), extractable Ara/Xyl-ratio (ara/xyl E), Ara/Xyl-ratio (ara/xyl), WE-AX/total AX, unextractable
mannose residues (man U), unextractable galactose residues (gal U), extractable galactose residues (gal E), ash and protein in different wheat flour products, harvest

years and milling locations, with n number of samples.

Content (% flour dm) Product

Harvest year Milling location

Winter wheat Spring wheat Flour blend 2018 2019 Malmé Strangnas
n =104 n =49 n =43 n=92 n =104 n =154 n =42
Total AX" 1.87 + 0.142" 1.86 + 0.10a 1.88 + 0.08a 1.89 £ 0.09a 1.85 + 0.14b 1.86 + 0.11b 1.93 £ 0.14a
WU-AX" 1.31 £ 0.11a 1.19 £+ 0.10b 1.22 4 0.09b 1.28 £ 0.10a 1.25 +0.13a 1.25+0.11a 1.30 £ 0.14a
WE-AX" 0.56 + 0.06b 0.68 + 0.07a 0.66 + 0.05a 0.61 + 0.06a 0.61 + 0.10a 0.60 + 0.09a 0.63 + 0.06a
ara/xyl U 0.59 + 0.01a 0.56 + 0.02c 0.58 + 0.01b 0.58 + 0.02a 0.57 + 0.02b 0.58 + 0.02a 0.57 + 0.02a
ara/xyl E 0.57 + 0.05a 0.55 + 0.03b 0.57 + 0.03 ab 0.57 = 0.03a 0.56 + 0.05a 0.57 + 0.04a 0.54 + 0.04b
ara/xyl 0.59 + 0.02a 0.55 + 0.02c 0.57 + 0.01b 0.58 + 0.02a 0.57 + 0.03b 0.58 + 0.02a 0.56 + 0.03b
WE-AX/total AX 0.30 + 0.02b 0.36 + 0.03a 0.35 + 0.03a 0.32 + 0.03a 0.32 + 0.05a 0.32 + 0.04a 0.33 + 0.04a
man U 0.08 + 0.01a 0.07 + 0.01b 0.07 + 0.01b 0.07 + 0.01b 0.08 & 0.01a 0.08 + 0.01a 0.08 + 0.01a
gal U 0.04 +0.01a 0.04 = 0.01a 0.04 + 0.00a 0.04 = 0.00a 0.04 + 0.01b 0.04 + 0.01b 0.05 + 0.00a
galE 0.14 + 0.02b 0.15 + 0.03a 0.14 + 0.02 ab 0.14 + 0.02a 0.14 + 0.03a 0.14 + 0.02a 0.15 = 0.02a
Ash 0.58 + 0.05¢ 0.64 + 0.04a 0.60 + 0.03b 0.60 + 0.05a 0.59 + 0.05a 0.59 + 0.05b 0.64 + 0.03a
Protein 11.6 & 0.5¢ 13.8 & 0.6a 13.3 £ 0.4b 12.6 = 1.1a 12.4 £+ 1.2a 12.5 £ 1.2a 12.6 £ 0.7a

@ Calculated from arabinose, xylose and galactose residues assuming that the arabinose to xylose ratio was 0.69 in arabinogalactan.
Y Different letters in the same row indicate significant differences (p < 0.05) within categories product, harvest year and milling location.

retains their integrity. WE-AX could stabilise this film by lowering the
surface tension and increase its sturdiness by increasing its viscosity
(Gan et al., 1995). WE-AX with a higher molecular weight increases the
water absorption further (Biliaderis et al., 1995). For these reasons, AX
is of interest in breadmaking both through modification using xylanases
(Courtin et al., 1999) and as an ingredient (Pietidinen et al., 2022). The
effect of differences in endogenous AX levels are more difficult to study.

The levels of total AX and WE-AX in wheat endosperm are mainly
affected by genotype (Finnie et al., 2006), but can also be influenced by
the environment (De Santis et al., 2018; Li et al., 2009; Rakszegi et al.,
2014). Decreases in arabinose substitution have been observed during
grain maturation (Toole et al., 2010) and differences in AX composition
may reflect different grain developmental rates among varieties (Marion
and Saulnier, 2020). Lower WE-AX levels have been observed in winter
wheat after induced drought (Rakszegi et al., 2014). Xylanase activities
in wheat are higher after cold and rainy summers compared to hot and
dry summers, but the correlation to WE-AX content is low (Dornez et al.,
2009). Studies of AX variation have mainly been done on grain from
field trials, and the AX variation has to our knowledge not been studied
in industrially produced flours to any significant extent.

The method for AX quantification is based on the analytical pro-
cedure AOAC 994.13 by Theander et al. (1995), which was developed to
accurately determine the total dietary fibre content in a wide range of
foods. The method was modified by Andersson et al. (1999) to quantify
soluble and insoluble fibres separately. Further modifications are pre-
sented in this study to speed up the method for sieved wheat flour.
Cellulose and lignin were not quantified as they are only present in low
levels in sieved wheat flour (Saulnier et al., 2012). Beta-glucan in wheat
has a low solubility (De Paula et al., 2017; Rakha et al., 2011) and re-
mains water-unextractable at 65 °C (Beresford and Stone, 1983). For this
reason, beta-glucan was not quantified as it is unlikely to have an impact
on baking properties. Additionally, the beta-glucan levels present in
wheat endosperm are low compared to AX (Andersson et al., 1993;
Mares and Stone, 1973; Saulnier et al., 2012).

The impact of AX on baking properties has mainly been studied by
addition of AX, enzymatic treatment, and correlation studies (Gan et al.,
1995). However, the source of the added AX or the enzyme levels
studied may not be suitable for discovering what impact AX has at

endogenous levels. For this, correlations studies on large samples set are
needed, to ensure sufficient variation in AX levels. This in turn requires a
high-throughput method. The aims of this study were to evaluate an
adapted high-throughput method for WE-AX and WU-AX quantification,
and to screen the AX levels in commercial sieved wheat flours.

2. Experimental
2.1. Material

Commercial Swedish wheat flours produced by Lantméannen Cerealia
in Malmo and Strangnas, Sweden, were collected during harvest years
2018 and 2019 (Table 1). A total of 197 samples were collected
continuously during this period to give a sample set fully representative
of Swedish flour production. Three different products were analysed: i)
flour composed of winter wheat, ii) flour of spring wheat, and iii) a high
protein blend composed of 0-15% winter wheat, 15-35% spring wheat
and 50-70% of a high protein German winter wheat. All products used
were sieved flours without any additions, such as malt or ascorbic acid,
and all samples were stored at —20 °C. Protein content (determined by
NIT measurements) and ash content were provided by the mill.

The variety or blend of varieties used in individual products were not
known. Information on winter wheat supplied to the mills showed that
varieties used in Strangnas did not differ much between years but varied
more for Malmo. The variety Julius was the most common winter wheat
in both Malmé and Stréangnés during both harvest years. Julius consti-
tuted roughly half of the winter wheat milled in Strangnds and the
composition and proportion of varieties milled were similar for 2018
and 2019. For Malmo, about one fourth of milled winter wheat was
Julius, h Brons was second most common in 2018 and Linus was second
most common in 2019.

2.2. Determination of water-extractable and water-unextractable AX

AX analysis was based on the method for dietary fibre analysis by
Theander et al. (1995) with modifications by Andersson et al. (1999) to
separate soluble and insoluble fractions. The protocol was modified to
speed up fibre extraction and allow for analysis of a larger number of
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samples. Reagents and apparatus used are listed by Theander et al.
(1995). Dry matter was determined by oven drying for 16 h at 105 °C.

Duplicate samples of approximately 200 mg were weighed in test
tubes, noting the exact weight. These were vortexed with 5 ml 0.1 M
acetate buffer of pH 5.0 and 40 pl thermostable a-amylase (3000 U/mL,
purified from Bacillus licheniformis, product code E-BLAAM, Megazyme,
Bray, Ireland). The samples were capped and placed in a boiling water
bath, vortexed to disperse the sample particles, and incubated for 1 h
with occasional mixing. The samples were cooled and centrifuged for 10
min at 1000xg. The pellet was kept for determination of water-
unextractable AX, while the supernatant was used for determination
of water-extractable AX.

Two ml of the supernatant were transferred to a new test tube and 8
ml 99.5% ethanol was added. The samples were mixed and kept at 4 °C
for 1 h to precipitate water-extractable AX. After refrigeration the
samples were centrifuged for 10 min at 1000xg. The supernatant was
discarded, and the pellet was resuspended in 5 ml acetone using a
spatula. The samples were centrifuged for 15 min at 1000xg, and the
acetone was removed.

The pellet obtained after the amylase treatment was washed with 5
ml 0.1 M acetate buffer and centrifuged for 10 min at 1000xg to obtain
water-unextractable AX. The pellet was washed twice with 5 ml acetone
by vortexing and centrifugation for 15 min at 1000xg. Acetone was
removed by suction to keep the pellet intact. All samples were air dried.
Glass rods were placed in each sample for stirring to prevent formation
of compact residue.

Hydrolysis was conducted once the samples had dried. For water-
unextractable fibres, 0.3 ml 12 M sulfuric acid was added and distrib-
uted with the glass rod. Samples were then placed in a 30 °C water bath
for 1 h. After this 7.8 ml HyO and 0.6 ml myo-inositol standard solution
(2.0 mg/ml) were added. For the water-extractable fibres 2.6 ml HyO
was added with 0.1 ml 12 M sulfuric acid and 0.2 ml myo-inositol
standard solution (2.0 mg/ml). All samples were then covered with
aluminium foil and hydrolysed at 125 °C for 1 h in autoclave. Acetyla-
tion and quantification by GC were done in accordance with Theander
et al. (1995). Extractable and unextractable residues of the sugars
arabinose, xylose, galactose and mannose were quantified.

2.3. Statistical analysis

Significant differences were calculated at 95% confidence by Tukey’s
pairwise comparisons in Minitab. Principal component analysis was
done using SIMCA 16.

3. Results and discussion
3.1. Modification of the method

Adjustments to Theander et al. (1995) and Andersson et al. (1999)
were done to allow a high throughput of samples while still achieving a
reliable quantification of water-extractable and water-unextractable AX.
The repeatability of the method can be observed by the relative standard
deviation of repeatability (RSD,). The RSD, was calculated for the
method by repeat analysis of a sample at 15 separate occasions. The
RSD, was 3.4% for WU-AX, 2.5% for WE-AX and 2.1% for total AX,
respectively. These values are in the same range as those obtained by
Theander et al. (1995). Further, the results obtained agreed well with
those obtained by Andersson et al. (1993) when analysing Swedish
wheat flour using the method of Theander et al. (1995).

The main adjustment to the method was that the overnight incuba-
tion with amyloglucosidase was removed. This led to residual dextrins
originating from starch remaining in the samples throughout quantifi-
cation. This excluded the quantification of cellulose and beta-glucan
from the method. This exclusion was negligible as the overall project
aim was to study AX in relation to baking properties. The impacts on
baking properties of wheat endosperm cellulose and beta-glucan are
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Fig. 1. WU-AX content (% dry matter) (a) and WE-AX content (% dry matter)
(b). “WW? refers to winter wheat flour and “SW” to spring wheat flour milled
during harvest years 2018 (18) or 2019 (19). Whiskers span highest and lowest
samples, boxes span 25-75% percentiles, circles mark outliers (50% higher or
lower than these percentiles), and cross marks show the mean values. Different
letters indicate significant differences within figures (p < 0.05).

likely not of significance, as the solubilities of both cellulose and beta-
glucan are low (Beresford and Stone, 1983; De Paula et al., 2017;
Rakha et al., 2011), and both are very low in content compared to AX
(Saulnier et al., 2012).

3.2. Differences in products, harvest years and milling locations

The total AX content was around 1.9% and did not differ between
products but differed significantly both between harvest years and
milling locations (Table 1). Total AX content showed no correlation with
ash content, indicating that AX content was not affected by differences
in milling conditions between locations. It was unexpected that winter
wheat and spring wheat did not differ in total AX content, as they differ
considerably in genetics. While Finnie et al. (2006) observed total AX to
be more impacted by genetics than environment, Li et al. (2009) and
Tremmel-Bede et al. (2020) observed environment to have a greater
impact. Total AX content was significantly (p < 0.05) higher during the
drought affected harvest year 2018 (1.89%) than during 2019 (1.85%)
and varied more during 2019. Winter wheat flour had a significantly
higher WU-AX content (1.31%) and lower WE-AX content (0.56%) than
the other products. The Ara/Xyl-ratios calculated all differed signifi-
cantly between products, with low variations. This could indicate that
the AX structure is more influenced by the different genetic origin of
spring and winter wheat. However, Tremmel-Bede et al. (2020)
observed genotype to have a lower effect on extractable Ara-Xyl ratio
than on WE-AX. The extractable Ara/Xyl-ratio (ara/xyl E) showed a
slightly higher variation than the other ratios calculated, which is in line
with WE-AX having a higher heterogeneity, as suggested by Stone and
Morell (2009). The content of mannose and galactose varied very little.
Ash content differed significantly between products and between milling
locations, with higher contents for spring wheat and products milled in
Strangnds.

During harvest years 1987 and 1988 Andersson et al. (1993)
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Fig. 2. PCA biplot displaying variables (yellow, l) together with the analysed
samples: flour blend (Blend, green, v), spring wheat (SW, red, a), and winter
wheat (WW, blue, @). Harvest year 2018 is coloured darker and harvest year
2019 is coloured lighter. Letters denote milling location Strangnas (S), while all
other samples were milled in Malmo. Total AX = total arabinoxylan content,
WU-AX = water-unextractable arabinoxylan, WE-AX = water-extractable ara-
binoxylan, ara U = unextractable arabinose residues, xyl U = unextractable
xylose residues, man U = unextractable mannose residues, gal U = unextract-
able galactose residues, ara E = extractable arabinose residues, xyl E =
extractable xylose residues, gal E = extractable galactose residues, ara/xyl U =
unextractable Ara/Xyl-ratio, ara/xyl E = extractable Ara/Xyl-ratio. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the Web version of this article.)

collected 49 flours of Swedish spring wheat and winter wheat and the
WE-AX and WU-AX contents determined (0.60% and 1.24%) agree well
with those obtained in this study. They did however observe a higher
variance in AX content compared to this study, likely due to their use of
pure varieties, field trial design and sample selection (Andersson et al.,
1993). As in this study, they observed higher WE-AX in spring wheat
flour but the contrast between spring and winter wheats were not as
clear (Andersson et al., 1993). Harvest year 1987 had unfavourable
weather conditions during the summer, which yielded lower WU-AX and
higher WE-AX, and a higher variation of AX content between different
varieties (Andersson et al., 1993). This can be compared to the lower
variation in AX content observed during harvest year 2018, during
which there was a drought. Overall, Swedish wheat appears to be un-
changed in regard to AX content and composition since 1988, but it is
possible that atypical varieties could be masked in this study due to the
wheat being blended during milling.

3.3. Water-extractable and water-unextractable AX in products, years
and locations

There were significant differences in WE-AX and WU-AX contents
between the products, years, and locations (Fig. 1). For winter wheat
flour, the WU-AX content was highest in flours from Strangnas during
2019 (Fig. 1a). Harvest year 2019 had significantly (p < 0.05) lower WE-
AX in flours from Malmo and higher WE-AX in the Strangnas flours
(Fig. 1b). The flours from Malmé showed a higher variation in WU-AX
content during 2019 and a higher variation in WE-AX content during
2018.

For spring wheat flour, WU-AX content did not differ significantly
but was somewhat lower in flours from Strangnés during 2018 (Fig. 1a).
The variation in WE-AX content was highest for flours from Malmo
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during 2019 (Fig. 1b). The flour blends differed in WU-AX content, with
highest levels during 2018. This was probably caused by a higher pro-
portion of winter wheat being added to the blend in 2018, due to a lower
spring wheat harvest. The WE-AX content was significantly lower for the
flour blend from Strangnas than those from Malmé during 2019.

Previous studies have shown that while environment and genotype
both influence AX content in grain (Marion and Saulnier, 2020), AX
content in the endosperm is mainly influenced by genotype (Finnie
et al., 2006; Li et al., 2009). WE-AX content is mainly influenced by
genotype but can also be affected by the environment (De Santis et al.,
2018), and differences have been observed between harvest years
(Andersson et al., 1993). Rakszegi et al. (2014) observed lower WE-AX
content in winter wheat after induced drought. There was a high tem-
perature drought in Sweden during the summer in 2018, which led to a
low harvest. Flours milled in 2018 mainly seemed to have a lower
variation in AX content (Table 1). One reason could be that the drought
generated a consistent environment which led to more similar wheat
quality and AX levels nationally. The higher variation in AX content
during 2019 could be caused by a more varied environment with local
weather differences.

3.4. Overall variation patterns

The overall variation of the data set was explored using Principal
Component Analysis (PCA) (Fig. 2). Principal component 1 (PC 1)
accounted for 40% of the overall variation in the data set and Principal
component 2 (PC 2) for 23%, leaving 37% of the variation unexplained.
It could be noted that PC 1 separated samples according to the genetic
and seasonal differences between spring and winter wheat, while PC 2
distributed winter wheat samples based on differences in harvest year
and location. WE-AX, WE-AX/total AX and protein all had high values
on PC 1 and were therefore the main source of variation in the data set.
Winter wheat formed a separate cluster with negative values on PC 1 and
there was very little overlap between winter wheat and the other
products, displaying distinct product differences in WE-AX and protein
content.

Total AX had the highest value on PC 2 and differences between
winter wheat samples was the main pattern identified. Total AX content
showed no correlation with ash content, which can be seen by their
orthogonal placement in Fig. 2. The lack of a correlation to ash content
indicates that the total AX content was not influenced by varying levels
of aleurone layer or bran being incorporated during milling. Winter
wheat flours milled in Strangnés during 2019 formed a group with high
PC 2 values and had notably high WU-AX and WE-AX content (Fig. 1).
These differences between winter wheat milled in Strangnas during
2018 and 2019 appear to be caused by differences in weather conditions
between harvest years rather than genetic differences, as the wheat
varieties supplied to Strangnas barely differed between the years.

The high PC 1 values for WE-AX content and protein indicated that
they could be correlated, but this was caused by them both being present
in higher concentrations in spring wheat. Correlations between protein
and AX were not observed when further studying winter wheat and
spring wheat separately. It could be expected that a higher protein
content would lead to a relatively lower total AX content, in the same
way as a higher starch content in the grain can lead to a relatively lower
amount of protein. This was however not the case, which could be an
indication of stable cell sizes. Dunstone and Evans (1974) have studied
endosperm cell sizes in wild and cultivated wheats and they did not
detect a larger endosperm cell size in larger grain. Increases in starch or
protein content seemed to influence the number of endosperm cells, not
the cell sizes. This would then not influence the AX content in the
endosperm.

The mill in Malmé receives wheat from southern Sweden where
there is a lower demand for winter hardiness in cultivars and longer
daylight hours during winter, which allows for cultivars with earlier
grain development. Marion and Saulnier (2020) speculate that different
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Fig. 3. Total arabinoxylan content (% dry matter) plotted against WE-AX
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harvest year 2019 is coloured lighter. Letters denote milling location Strangnas
(S), all other samples were milled in Malmo. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the Web version of
this article.)

grain developmental rates could lead to differences in arabinose sub-
stitution between cultivars. During grain development, the substitution
of arabinose decreases and this occurs more rapidly in plants under
drought conditions (Toole et al., 2007). This could be seen in samples
milled in Malmo, where the extractable Ara/Xyl-ratio was somewhat
lower in 2018 in all product categories. This was however not seen for
samples milled in Strangnas.

According to the PCA, the WE-AX content and total AX content cover
the overall variation in the dataset, as they align with PC 1 and PC 2. The
WE-AX content and total AX content appear to be inherently different in
winter wheat and spring wheat (Fig. 3). Both the spring wheat and the
flour blend show a low variation in total AX. Winter wheat had a larger
variation in total AX, especially flours milled in Malmo. This could be
due to a higher diversity in varieties being grown in the Malmo area
compared to Strdngnas, as previous studies indicate that differences in
genotype have a larger influence on AX content compared to differences
in environment (Gebruers et al., 2010; Marion and Saulnier, 2020). The
flour blend showed the lowest variation out of the different products,
which is in line with the stable quality of this product.

4. Conclusions

A high-throughput analysis of AX was used to screen a large number
of commercially produced Swedish wheat flours. The method showed a
good repeatability, and the obtained results were in line with those
obtained by Andersson et al. (1993) when using the original method by
Theander et al. (1995) on sieved wheat flour. Continuous sampling
ensured an accurate representation of Swedish flours during harvest
years 2018-2019. Milling conditions did not seem to have an effect on
the total AX content, as there was no correlation between this and ash
content. WE-AX and WU-AX levels were similar to those measured on
Swedish wheat during harvest years 1987-1988. According to previous
studies, genotype influences AX content and composition more than
environment. There was however a drought during 2018 which appears
to have reduced the variation in AX content. In addition to this, flours
milled in Strangnés displayed large differences in total AX content be-
tween years, despite a similar assortment of varieties being used.
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Overall, a larger variation was seen for winter wheat compared to spring
wheat, and further studies will examine if this variation can be linked to
fluctuations in baking quality. This screening of AX content may be
useful for evaluating the impact of xylanases, which are commonly used
in bakeries to affect the baking properties.
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