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Abstract

:

Arabinoxylans (AXs) enter food processing and fermentation scenarios whenever grain-based ingredients are utilized. Their impacts on process efficiency and food product quality range from strongly negative to clearly beneficial, depending on both the particular food product and the AX structure. This review will focus on two structure-function relationships between AXs and fermented food production: (1) AXs’ native structure in cereal grains and structural changes that arise during production of fermented foods and (2) the impacts of AXs on processing and production of grain-based fermented foods and beverages (bread, beer, and spirits) and how variations in AX structure shift these processing impacts. Results from recently published papers have provided new insights into the connection between AXs’ structure at the molecular level and their effects on fermented food production. The purpose of this article is to review the historical progress in this area and introduce updates from recent years. Current knowledge gaps in the area are highlighted.
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1. Introduction


Arabinoxylans (AXs) are the main hemicellulosic polysaccharides in the cell walls of commelinid monocot plants [1]. The commelinid monocot botanical grouping includes grasses, and therefore, all the major true cereal grains used in food and beverage production, such as wheat, corn, barley, and rye. In the plant cell wall, AXs interact extensively with cellulose microfibrils, lignin, and other AX polymers [2,3,4], thus providing mechanical strength and flexibility and helping the plant resist enzymatic attack by microbial pathogens and adapt to various stressors [5]. AXs are ubiquitous throughout the entire plant (leaves, stems, roots, and grains), but their structures vary between tissue types [6]. This review will be restricted to the structure of AXs from the grain tissue of cereals. We will provide a structure-focused discussion of how AXs impact the processing of grain-based foods and will also describe how the native AX structure is altered during the production of common fermented foods.




2. Native Arabinoxylan Structure in Cereal Grains


The structural foundation of AXs is their  β -1,4-linked xylopyranosyl (Xylp) backbone. The xylan backbone is then substituted with various branching elements, whose quantity and pattern of distribution differ between grain species (see Figure 1). Monomeric arabinofuranose (Araf) is the most abundant branching element and is found as either a mono- and/or di-substituent at the O-3 and/or O-2 positions of xylose. Glucuronic acid, its 4-O-methyl derivative, and acetyl groups are also observed in grains as AX backbone substituents, with particularly high concentrations of these non-arabinose substituents found in maize and sorghum AXs [7,8,9,10,11].



The presence of ester-linked hydroxycinnamic acids is a characteristic feature of graminaceous AXs. Trans-ferulic acid (FA) is the dominant phenolic acid released after alkaline hydrolysis of cereal grain cell wall material, and cis-ferulic, sinapic, and trans- and cis-p-coumaric acids are present in much smaller amounts [12,13]. These hydroxycinnamates O-5-acylate some of the Araf branches, creating feruloylated side-chains. Free radical-induced oxidative coupling of these ferulates produces ferulate dimers and higher oligomers and creates inter- and intramolecular cross-links between AX chains [14,15,16,17]. Ferulates and diferulates also couple with lignin, resulting in AX-lignin cross-linkages [18]. However, on a molar basis, more than half of the ferulates in grains remain in monomeric form and do not form dimers [19]. Although the simplest feruloylated side-chain structure, 5-O-trans-feruloyl-L-arabinofuranose, is the most abundant, cereal grain AXs also contain more complex, feruloylated side-chain oligosaccharides [20].



In the following section, AX structural differences (substitution patterns, ferulate cross-linking, and chain length) will be examined, with a focus on the differences among the most common cereal species used in fermented food and beverage production (wheat, rye, barley, and corn).



2.1. Degree of Arabinoxylan Backbone Substitution Varies between Grain Tissues and Species


The two most important physicochemical and biochemical implications of backbone substitution patterns are water-solubility and enzymatic degradability of the AX polymer. In terms of water-solubility, AXs with extended regions of unsubstituted xylose residues are prone to aggregation and are therefore more likely to be water-unextractable AXs (WU-AXs). Conversely, if other factors are held equal (especially ferulate cross-linking, but also polymer size), AXs with greater backbone substitution density are more likely to be water-extractable AXs (WE-AXs). Increased substitution density reduces AX adsorption to cellulose [21,22], whereas reduced AX branching both increases AX adsorption to cellulose and inhibits enzymatic (cellulase) hydrolysis of cellulose [23]. When considering enzymatic degradability, densely substituted AX regions resist enzymatic hydrolysis with endo-1,4- β -D-xylanase, which require two to three unsubstituted xylose residues for steric access to the xylan backbone [24]. The pattern of AX substitution is therefore also decisive for degradability with xylanases.



Techniques to assess substitution patterns include calculating the arabinose to xylose ratio (abbreviated as A/X ratio) following monosaccharide composition analysis, creation and analysis of partially methylated alditol acetates, and examination of the AX oligosaccharide profile produced by xylanase catalyzed hydrolysis. These methods have shown that AXs are highly heterogeneous in their substitution patterns. Variations are observed both among cereal species and grain tissue types.



In wheat, the outer pericarp layer contains highly substituted AX polymers (A/X ratio > 1 and a large percentage of di-substituted xylose residues [25]. In contrast, wheat endosperm AXs have a moderate A/X ratio (≈0.55) and contain both WE-AXs and WU-AXs [26]. No substantial differences in arabinose substitution patterns are observed between wheat endosperm WU-AXs and WE-AXs [27]. Rye AXs are comparable to those of wheat, with similar average A/X ratios observed in their endosperm WE-AXs. However, rye tends to have a higher concentration of total AXs in the endosperm than wheat (range of 3.0–3.3% for rye vs. 1.3–2.7% for wheat) and a higher concentration of WE-AXs overall [28,29,30]. Additionally, compared to wheat, WE-AXs from rye contain more AXs at the extremes of substitution density, i.e., a substantial fraction of rye endosperm WE-AXs can have A/X ratios > 1.4 [31]. The average barley endosperm A/X ratio is ≈0.6 [26]. Barley endosperm AX content (1.7–2.2%; [32]) tends to be lower than both wheat and rye. Corn AX content is lower than that of wheat and rye and also has a lower proportion of WE-AXs [33]. Corn AXs have a very complex substitution pattern, including substantial amounts of non-arabinose substituents (acetyl groups, glucuronic and 4-O-methyl-glucuronic acid) and oligosaccharide branches [10,34]. Given their overall higher degree of backbone substitution compared to wheat, rye, and barley, corn’s lower degree of water-solubility is initially surprising, but is easily explained by its extensive ferulate-mediated AX-AX crosslinking, as discussed in the following section.




2.2. Cereal Grain Arabinoxylans Are Feruloylated


Free radical-induced oxidative coupling of ferulates produces dehydrodiferulates (DFAs), which stabilize cereal grains’ cell walls by covalently cross-linking AXs to each other and lignin [16,35]. In addition to DFAs, oxidatively coupled ferulate trimers and tetramers are also ubiquitous in cereal grains [36]. When compared to wheat, rye, and barley, corn AXs have substantially higher levels of ferulate monomers and feruloylated oligosaccharide side-chains [20]. As expected, this leads to higher levels of ferulate oligomers as well. For example, corn contains approximately three times as many DFAs and four times as many ferulate trimers compared to wheat [37].



Although ferulates are a minor component of cereal grains, they exert an outsized effect on AX enzymatic degradability and processing characteristics. Feruloylated oligosaccharide side-chains are recalcitrant to enzymatic digestion [7], and increased ferulate cross-linking in plant materials also enhances their resistance to enzymatic degradation [38]. AX cross-linking drastically reduces the water-solubility of the AX polymer, since the removal of ferulates via alkaline extraction renders the majority of AXs soluble [39]. In their native, cross-linked state, insoluble AXs have considerable water-binding capacities and therefore exert the detrimental effect of immobilizing water in doughs and baked goods [40].




2.3. Arabinoxylan Degree of Polymerization Varies between Grain Species


AX polymer sizes in cereal grains vary widely. Variability appears not only among cereal species (see Table 1), but also when comparing varieties and growing season [41,42]. Measuring WU-AX chain length requires bringing the insoluble AXs into solution, which may be accomplished by alkaline extraction, which hydrolyzes ferulate crosslinks. Ferulate crosslinks are also present in small amounts in WE-AXs, which increases their measured weight average molecular weight [43].





3. Arabinoxylans in Beer and Distilled Spirits Production: Processing Effects and Structural Changes


Beers and grain-based distilled spirits share similar initial processing steps. As a result, beer is a good model overall to study the repercussions of AXs’ presence in alcohol production. The following section will examine AXs’ impacts on the malting, mashing, fermenting, and filtering steps of brewing and structural changes in AXs resulting from these processes.



3.1. Malting


Malting is the controlled germination of cereal grains. The main goal of malting is to produce starch-degrading enzymes within the grain that will later, in the mashing step of beer and grain-based spirits production, break starch down into simpler and more fermentation-friendly sugars. However, during the germination process, additional enzymes are produced, including those that target AXs. The main driving force for AX structural change are xylanases [50], which cleave  β -(1,4)-glycosidic bonds between Xylp units and shortens the AX backbone length. For barley, there is no significant decrease in overall AX content during malting, but the average degree of polymerization (avDP) is dramatically decreased [51], indicating the activity of xylanases. This results in a partial solubilization of the AXs, i.e., an increase in the WE-AX fraction [46]. The WE-AX content for wheat also increases by 97% during malting [52].



Although arabinofuranosidases are expressed during barley germination [53], the A/X ratio of the total AXs in malted barley grain was comparable or only slightly lower than ungerminated grain [51,54]. Some studies that selectively examined the WE-AX fraction of malted barley found that the A/X ratio of this fraction tends to decrease during germination [53], but others have reported no change [46]. The effects of malting on the A/X ratio of wheat and rye have also been reported: the A/X ratio of WE-AXs decreased from 0.74 to 0.63 for wheat and from 0.86 to 0.67 for rye [55].



Dervilly et al. compared the molar mass distribution and AX backbone substitution patterns of WE-AXs from barley malt vs. ungerminated barley grain [46]. In both materials, the higher molar mass fractions had the highest A/X ratios, but the range of A/X ratio values was greater for barley grain (0.40–0.92) compared to malted barley (0.63–0.87). The barley malt A/X fraction with the highest molecular weight also had the highest concentration of di-substituted xylose units. AXs with a high molar mass also displayed an elevated viscosity. Another study investigated the relationship between a malt’s Kolbach index and the molecular weight of the malt’s WE-AXs by examining wheat malts produced from the same grain source but malted under different conditions to obtain different Kolbach indices. Higher Kolbach indices had no effect on overall WE-AX content or A/X ratio, but did result in WE-AXs with lower molecular weights [56].




3.2. Mashing


Mashing is the process of mixing milled grains, of which all or a portion have first gone through the malting step, with hot water to produce a wort rich in fermentable sugars. Heating in an aqueous system gelatinizes the grain starches, leaving them more accessible to the starch-degrading enzymes produced during malting. This step also distributes the AX-degrading enzymes produced during malting throughout the mash, providing the opportunity for additional AX structural modification.



Langenaeken et al. reported that the mashing step solubilized 18% of the total AXs from malted barley into the wort [51]. This value is slightly higher than the WE-AX content of typical barley malt (10–14%) [52], and the difference could be attributed to the activity of xylanases at the beginning of mashing [57]. The avDP of AXs in the wort AX population decreases slightly during mashing, further pointing toward xylanase activity [51]. Xylanase activity is readily detected in barley wort at low mashing temperatures (40–55 °C) [58], the optimum temperature for xylanases [59]. These enzymes are inactivated rapidly in barley mash at temperatures above 55 °C [52].



Clear evidence for additional AX structural changes, such as debranching, occurring specifically during mashing is lacking. Langenaeken et al. found that the A/X ratio (corrected for free arabinose, an important, but easily overlooked step when calculating the A/X ratio of solubilized AX polymers) of wort AXs unexpectedly increased from 0.56 to 0.74 during mashing [51], which differs from earlier reports of an almost unchanged A/X ratio [60]. Although the precise cause of the increased A/X ratio in the wort (e.g., WE-AX) was not determined, it could simply reflect a shifting population of dissolved AXs during the mashing step and precipitation of AXs with a low backbone substitution rate out of the wort solution. Additionally, xylanases are less active on highly substituted AXs compared to AXs with a low backbone substitution rate [61].




3.3. Fermentation


During fermentation, fermentable sugars in the wort are consumed by yeast and other microorganisms, leading to the accumulation of ethanol and other metabolites. A potential correlation between feruloylated AXs in wort and premature yeast flocculation [62], which leads to incomplete conversion of fermentable sugars to ethanol, has been identified. Xylanases originating from fungal infections in barley grain appear to increase the phenomenon [63], perhaps by having released the specific triggering AX structural elements earlier in the brewing process. WE-AX content decreased by around 25% during the fermentation of barley-based beer [51], although no change in WE-AX content was seen during the fermentation of wheat-based beer [64]. Decreased soluble AX content during fermentation may be explained by aggregation and precipitation of AX polymers as a result of the increased ethanol content [65]. Due to the non-fermentability of AXs by yeast and the degradation of xylanases in the wort-boiling step, fewer structural changes are seen in AXs during fermentation compared to previous steps.




3.4. Filtration


Filtration removes solid particles, yeast cells, and other unwanted substances from the beer.  β -Glucans negatively affect filterability [66,67], but AXs have an even greater negative effect [68]. Surprisingly, this reduction in filterability is not related to viscosity increases [68]. AX concentration, molecular weight, and membrane pore size all influence the maximum permeable membrane volume [69]. AX polymers with a larger molecular weight are more likely to cause membrane plugging [70]. Gastl et al. observed the same association between larger molecular weight AXs and decreased membrane permeability and also noted an association between membrane permeability and arabinofuranosidase activity [71]. This indicates a need for a deeper examination of the side chain AX branching patterns causing decreased membrane permeability, since decreased branching leads to more AX aggregation [72].




3.5. Viscosity


WE-AXs’ effects on beer viscosity are interesting but controversial. Krahl et al. found no connection between higher WE-AX content and increased viscosity of wort and beer [55], but the molecular weights of the WE-AXs were not determined in this study, and it is possible that the carbohydrate determined as WE-AX was primarily oligosaccharides and free monosaccharides. However, other reports from wort and beer have seen a correlation between WE-AXs and viscosity [73,74]. Certainly, polymeric WE-AXs increase solution viscosity, and, as expected, AXs with higher molecular weight have a greater effect [68]. A significant negative relationship between malt’s xylanase activity and wort viscosity underscores the key role that WE-AXs play in viscosity (without diminishing the importance of  β -glucan content in beer and wort viscosity) [75].




3.6. Arabinoxylans in Commercial Beer


Commercial beer contains AXs. A profile of 15 different commercial beers from USA and Germany found AX contents ranging from approximately 500 mg/L (USA light beer) to >4000 mg/L (German wheat beer) [76]. AX structures found in beer also vary, although it is clear that the AXs that end up in the final beer products are mostly AX oligosaccharides. Courtin et al. reported that the avDP of AXs from a panel of commercial beers ranged from 19 to 60, with a moderate average degree of substitution (avDS; 0.49–0.66) [77]. However, although the avDP of AXs in beer is low, some larger AXs are also present. For example, graded ethanol precipitation of several regular and non-alcoholic pilsner beers revealed a wide, heterogeneous distribution of AX molecular weights: although the overall avDP in the beers ranged from 18 to 34, a much wider range (4–308) was seen in the avDP of the individual fractions [61]. Similar trends were seen in the AXs’ avDS: the avDS of the overall beers ranged from 0.64 to 0.71, but individual fractions had avDS ranging from 0.43 to 0.88 [61].



Both AX content and structure affect beer’s organoleptic characteristics. AXs enhance the stability of protein-stabilized beer foam [78], presumably by increasing the viscosity of the liquid phase. AXs with a greater avDP and A/X ratio are enriched in beer foam compared to the non-foam fraction [79]. AXs also enhance mouthfeel and fullness in beer [80]; the use of a non-malted rye adjunct in beer brewing successfully improved the mouthfeel of no- and low-alcohol beers by increasing overall AX content and avDP [81].




3.7. Ferulic Acid in Brewing


FA is a precursor for 4-vinylguaiacol, a flavor-active volatile in beer generated by FA’s decarboxylation. FA is released from AXs by the action of feruloyl esterase, which is present in barley malt [82], but xylanase activity also correlates strongly with FA release [83], since reducing the AX polymer size creates more suitable esterase substrates. Free FA is released during mashing of both barley and wheat malts, but barley malt mashes had higher levels of free FA compared to wheat malt mashes or wheat-barley mixtures [84]. This could be caused by the xylanase inhibitor proteins in wheat [85,86]. However, grain variety differences also appear to affect free FA levels in wort [83,87], and some wheat varieties produce worts with higher free FA levels than barley [87]. Mashing process parameters can also be tailored to optimize FA release during mashing, thus shaping final phenol levels and aroma potential in beer [88].



Regardless of variety, the majority of FA in wort is not found as free FA, but is still ester-linked to soluble AXs [87]. The bulk (60–90%) of free FA in wheat beers is released during the fermentation step, which indicates that yeast-sourced esterases are cleaving FA [84]. More FA is released during fermentation from wheat-based recipes compared to barley-based batches [84], leading to greater concentrations of 4-vinylguaiacol in wheat beers. 4-Vinylguaiacol is also a key odorant in bourbon whiskey [89], which legally must contain a high percentage of corn in its mash bill (51% or more). As discussed previously, corn AXs are characterized by a very complex branching pattern and a high degree of feruloylation, but to the best of our knowledge, no targeted research exploring the release of FA in bourbon mashing (typically sour mash) and fermentation has been published.





4. Arabinoxylans in Bread: Processing Effects and Structural Changes


In principle, any effect of AXs on bread quality should be traced to molecular interactions between AXs and other molecules in dough and bread. AXs’ relationships with water, gluten, and starch are most impactful for bread quality [90]. These interactions manifest themselves through macroscopic phenomena like gas retention, specific volume, and dough rheology. AXs’ effects on bread and dough structure strongly depend on their structure, e.g., their molecular weight and water extractability. In broad strokes, WU-AXs generally have a negative effect on bread quality, whereas WE-AXs have a positive effect [40,91,92,93,94,95]. However, it is worth mentioning that bread is a complex food system, and any effect of AXs is further shaped by other formula components and processing conditions, meaning that results generated using different processing conditions and recipes are not fully comparable [96].



4.1. Interactions with Water


Interactions between AXs and water are foundational for AXs’ interactions with other complex molecules in bread and dough like gluten and starch [90,97,98].



4.1.1. Water-Holding Capacity


AXs absorb water very effectively, with WU-AXs having a higher water-holding capacity than WE-AXs [99]. A review by Courtin and Delcour reported ranges for WU-AXs and WE-AXs of 6.7–9.9 and 3.5–6.3 g/g, respectively [93]. Even higher water-holding capacity values (13.3–16.1 g of water per gram of material) were reported for the cellulose-rich insoluble fiber fractions remaining after the water and alkaline extraction of wheat bran [100]. The high water-holding capacity of WU-AXs, which limits the water available for gluten hydration, is one of the mechanisms underpinning WU-AXs’ negative effect on dough extensibility and overall bread quality [91,93,101]. Enriching bread formulas with supplemental xylanases that primarily target WU-AXs thus results in water being re-distributed from WU-AXs to other dough polymers, including gluten [90]. Enzymatic solubilization of WU-AXs while limiting degradation of the resulting WE-AXs improves loaf volume [40].




4.1.2. Solubility Behavior of Arabinoxylans: Dynamic Shifts during Bread-Making


During dough mixing and fermentation, the content of WE-AXs in bread dough increases and peaks at the molding stage, while the WU-AXs content decreases [94]. This behavior is thought to be at least partially caused by endogenous xylanases solubilizing a portion of the WU-AXs into WE-AXs [102]. Endogenous xylanase activity is indeed detectable in wheat, but activity levels differ between varieties and are sometimes quite low [94,102,103]. However, the degree of WU-AX solubilization during dough production does not always correlate with the flour’s endogenous xylanase activity, but this could be partly explained by AX structural differences: flour varieties with a higher degree of AX backbone substitution have fewer available sites for xylanase binding and backbone cuts [102].



The proportion of di-substituted xylose residues in the WE-AXs increases during mixing and then remains consistent throughout the rest of the bread-making process [94], which probably reflects the high solubility and resistance of WE-AX polymers rich in this structural component to self-aggregation [104], i.e., once released from WU-AXs, these fragments reliably stay in solution. Another observation supporting endogenous xylanase cleavage of AXs during dough mixing and fermentation is the clear decrease in the average molecular weight of the WE-AX population during these steps [102,105]. Interestingly, although the overall AX population shifts toward smaller AX polymers during dough production, a minority population of WE-AX polymers with an increased molecular weight compared to that of raw flour also appears in doughs from some flours [102,105]. More structural characterization work is necessary to explain these nascent large polymers. It is possible that they result from de novo oxidative cross-linking between two or more ferulates on adjacent AX polymers. Alternatively, they could represent aggregates of WE-AXs with a large molecular weight and less backbone substitution, which tend to become physically entangled with each other in solution and form clusters [104].



Literature data regarding the effects of baking on the solubility behavior of AXs are mixed. Some studies show a clear decrease in WE-AXs after baking [94,106], but others have reported the opposite: a sharp increase in WE-AXs in the baking step [102]. The molecular weights of WE-AXs, after tending to decrease overall during dough production, rise during baking [102,105], which may reflect either oxidative cross-linking at the feruloylated side chains or self-aggregation.



Increasing the WE-AX levels of wheat- and rye-flour-based doughs, either via the addition of purified WE-AXs or by supplementation with xylanases that specifically solubilize WU-AXs without degrading the newly formed WE-AXs [40], tends to improve loaf volume up to a certain WE-AX concentration [92,95,107,108,109]. Excessive degradation of WE-AXs has a negative effect on dough viscosity and loaf volume, so xylanase type and dosage must be chosen carefully [92]. The beneficial effects of WE-AXs come largely from the increased viscosity that they generate in doughs’ liquid fractions [92], which slows the migration of gas bubbles [93]. WE-AXs with a higher molecular weight are thus more potent, and the maximum beneficial effects will be reached at lower concentrations [95,110]. A simple way to increase the molecular weight of WE-AXs is to induce molecular cross-linking of their ferulate moieties using laccase or peroxidase and hydrogen peroxide [111]. However, there is an upper concentration limit to the beneficial effects of increased WE-AXs, and exceeding this concentration harms dough and bread quality [95,110]. In addition to their viscosity-altering effects, WE-AXs may also affect dough and bread stability by interacting with gluten polymers, which will be discussed in the next section.





4.2. Molecular Interactions between Arabinoxylans and Gluten


Gluten is indispensable for the mechanical properties of wheat-based doughs. Gluten consists of two proteinaceous components: gliadin and glutenin. Gliadin contributes viscosity and extensibility, while glutenin contributes strength and elasticity to the dough. Glutenin is a polymer whose subunits are linked by disulfide bonds, whereas gliadins are monomeric. During dough production, a combination of hydration and physical mixing develops the gluten proteins into an inter-meshed, elastic network that can trap gas, and any dough component that either physically blocks gluten proteins from interacting with each other or limits their hydration will weaken the gluten network [112]. WU-AXs have been shown to be detrimental on both fronts [113], and xylanase treatment that targets WU-AXs improves gluten yield [91].



In addition to simply increasing dough viscosity, AXs also interact molecularly with gluten. The gluten network is created and stabilized with a combination of disulfide bonds, hydrophobic interactions, and hydrogen bonding [112], so the substantial presence of a hydrophilic polymer like WE-AXs will shift the secondary and tertiary structure of gluten to aggregate and bury hydrophobic regions in order to decrease overall surface tension. Supplementation with WE-AXs led to increased beta sheets in a gluten/WE-AX model system [114,115], but the opposite trend (decreased beta sheets) was clearly seen in a dough system [109]. WE-AXs improve the conformational stability of gluten’s disulfide bonds, but the gluten network pore size increases, and the strength and elasticity of the network decrease [109,114,115]. A wheat gluten-AX model system comparing gluten structure when mixed with WU-AXs extracted from wheat bran vs. WE-AXs generated by solubilization of the aforementioned WU-AXs gives us additional insights into AX-gluten interactions at the molecular level [116]: WU-AXs sterically hindered gluten interactions and thus increased the pore size of the gluten network. As also seen by Zhu et al. [115], WE-AXs created a more polar microenvironment and promoted aggregation of glutenins and gliadins. WE-AXs also form hydrogen bonds with tyrosine residues from wheat gluten [114,116]. During heating, WE-AXs promote the partial agglomeration of wheat gluten’s glutenin macropolymer (GMP) particles and a clear shift in the GMP particle size distribution toward higher values [117,118]. Supplementing AXs to high concentrations in rye flour doughs (5–8% AX) reduced the formation of a meshed protein network; instead, proteins tended to agglomerate and dough elasticity was reduced [119,120]. Fluorescent antibody staining and confocal laser scanning microscopy proved experimentally that, in rye doughs, high concentrations of WE-AXs encircle proteins and limit protein network formation [121]. Molecular analysis also indicates that covalent cross-links are formed between ferulic acid from AXs and tyrosine residues in both wheat and rye doughs, which would covalently couple AXs via their feruloylated side-chains into the gluten network [122].




4.3. Interactions with Starch


Starch shapes the final quality of bread by gelatinizing and swelling during baking, which helps turn dough into bread. During storage, starch retrogradation is a key driver of bread staling and crumb hardening, so factors that slow retrogradation enhance bread’s shelf life [112]. AXs have the potential to influence these phenomena both by altering the water distribution in dough and bread and by physically interfering with starch-starch intermolecular associations. Various studies have shown that supplementing wheat bread doughs with WE-AXs has some effect on starch gelatinization, substantially delays retrogradation, and reduces crumb firmness [98,109]. The inhibition of starch retrogradation by AXs is influenced by AX structural differences, with higher molecular weight WE-AXs having a stronger inhibitory effect [123,124].



The mechanism behind WE-AXs’ effects on starch gelatinization and retrogradation and the effects of molecular weight was studied in more detail by Hou et al. [125]. WE-AXs with a lower molecular weight effectively inhibited starch gelatinization and short-term retrogradation, which was attributed to their suppression of amylose leaching and the formation of amylose-lipid complexes. Conversely, WE-AXs with a higher molecular weight tended to interact with amylopectin, leading to a stronger inhibitory impact on the long-term retrogradation of starch [125]. AX branching patterns influence its interactions with starch: more disubstituted Xylp residues correlate with stronger inhibition of amylopectin recrystallization [124].



WE-AXs also reduce starch digestibility by amylases [123,126], which has implications both for the use of amylase as a dough improver and for human nutrition. AXs with a larger molecular weight are the strongest inhibitors and the presence of (1,3)(1,4)- β -glucan has a synergistic effect [127].





5. Future Research Directions


AXs are complex carbohydrates that exert significant processing effects during the production of fermented cereal-based food and beverages. These processing effects are strongly shaped by variations in the native cereal ingredient’s AX structure like molecular weight, degree of backbone substitution, and feruloylation level. In turn, the structure of AXs is often changed during the fermented food process. It can be seen from the reference list that many research groups have been investigating detailed structure-function relationships for AXs in fermented food production, and we encourage this research direction. The first principle of chemistry is that molecular structures determine macroscopic properties, and we have striven to follow this principle in this review. Although not an exhaustive list, we suggest the following future research directions:




	
More structural characterization work on AX structures following food processing is warranted. The bulk of AX structural characterization has targeted AX structures in raw cereal grains and ingredients, leaving many aspects of AX structures in prepared foods unexplored.



	
Studies exploring human health effects of AXs should implement AX structures from as-consumed foods instead of from raw cereal grains or extracted AXs. As discussed in this review, AX structures are changed during fermented food processing. Explorations of the human health effects of AX consumption need to use AX structures that are representative of those in prepared foods, not those in raw grains.



	
Studies attempting to clarify the effects of native AX structures on fermented food production should be wary of extrapolations from model systems using extracted AXs. The use of alkaline conditions to extract WU-AXs is the most pertinent example. Alkaline conditions will cleave ester-linked ferulates and release AX-AX crosslinks. This dramatically reduces the AX molecular weight and changes the solubility characteristics of the extracted AXs relative to their native states.



	
Feruloylation is a consistent component of cereal grain AXs, so the ramifications of feruloylated side-chain branching patterns on AX-linked processing and human health effects should continue to be explored.
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	DFA
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Figure 1. Model feruloylated arabinoxylan structure from cereal grains. The (1→4)-linked  β -D-xylopyranosyl backbone (in black) is substituted with side-chains, or branch elements, including O–3 and/or O–2-linked  α -L-arabinofuranose units (in green), which may be acylated on the O–5 position with ferulic acid (in red) to form feruloylated side-chains. Additional side-chain substituents include glucuronic acid (in blue) and acetyl groups (in purple). 
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