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Featured Application: A novel, simple and environmentally friendly method was developed and 

optimize to produce a dietary fiber ingredient from Agaricus bisporus by-products, with suitable 

characteristics for food application and potential biological activity, as a mean for upgrading 

mushroom industry wastes. 

Abstract: Mushroom production generates large amounts of by-products whose disposal creates 

environmental problems. The high abundance of biological active non-starch polysaccharides in 

mushroom cell walls makes these by-products attractive for dietary fiber-based ingredient (DFI) 

production. Traditional methods of dietary fiber preparation didn’t allow to obtain a DFI with 

suitable chemical and functional properties. In this work a simple and environmentally friendly 

method was developed and optimized for DFI production using a central composite design with 

treatment time, hydrogen peroxide and sodium hydroxide concentration as factors and chemical 

composition, chromatic and functional properties as dependent variables. The chemical 

composition of the DFI was strongly influenced by the process parameters and its functional and 

color properties were dependent on its fiber and protein content, respectively. The method 

developed is simple, uses food grade and low-cost reagents and procedures yielding a DFI with 

white color, no odor and a high concentration of dietary fiber (>60%) with an identical sugar 

composition to the original mushroom fiber. Due to the high water and oil retention capacity, this 

DFI may be used not only for dietary fiber enrichment and reduction of the food energy value but 

also as a functional ingredient with potential bioactivity. 

Keywords: dietary fiber; mushroom; Agaricus bisporus; dietary fiber ingredient; chemical 

composition; functional properties; optimization; central composite design 

 

1. Introduction 

Mushrooms consumption and production over the last decades has shown a phenomenal 

growth with several times increase in tonnage [1]. Some of the more common cultivated mushroom 

species are the button mushroom (Agaricus bisporus) which is widely cultivated in Europe and 

comprising about 32% of the world mushroom production, the Shiitake mushroom (Lentinus edodes) 

which is grown for centuries in China and other oriental countries and the oyster mushroom 

(Pleurotus ostreatus) cultivated in several countries around the world [2]. This increase is related to 

the increasing awareness of consumers for the importance of a healthy diet [3,4]. Indeed, a variety of 

substances present in mushrooms have been shown to present beneficial biological effects, from 
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these, polysaccharides comprising the β-D-glucans and heteroglucans are the best known and most 

potent mushroom-derived substances with antitumor and immunomodulating properties [5–8]. The 

fungal cell walls are composed by an alkali-insoluble structural skeleton mainly composed of β-

(1→3)-glucan covalently linked to chitin [9,10], forming a chitin-glucan complex (CGC). Chitin and 

CGC have been shown to have very interesting biological activities [11–15]. In addition, several 

studies have shown that polysaccharides from a variety of mushrooms, including those of A. bisporus, 

have been successfully used as prebiotics [16–22]. 

Nevertheless, mushroom production generates a large amount of by-products including waste 

and off-grade mushrooms with no suitable commercial use that ranges between 5% and 20% of 

production volume [23]. Mushrooms and mushroom by-products, especially those from A. bisporus, 

are rapidly perishable products [24], and they suffer rapid and deleterious transformations resulting 

in darker products due to the tyrosinase activity and synthesis of melanins [25] and with an 

unpleasant smell, creating environmental problems for their disposal. The European regulation of 

waste management, Directive 2008/98/ EC (‘Waste Framework Directive’), focused on the reduction 

of waste generation by 30% in 2025, requires that waste should be managed without endangering 

human health and harming the environment, in particular without risk to water, air, soil, plants or 

animals, and without causing a nuisance through noise or odors [26]. To reduce the environmental 

impact of the agro-food industries and the dependence on raw materials, the implementation of 

valorization procedures for these materials is stimulated. Some strategies have already been 

evaluated, for example, the use of A. bisporus by-products for non-animal chitin and chitosan 

production [27]. Nevertheless, most of the methods employed for the extraction of fungal cell wall 

polysaccharides are tedious and time-consuming involving the use of high temperatures and high 

concentrated alkaline and acid solutions or using specific enzymatic treatment in combination with 

synthetic detergents [28–31]. In addition, the use of concentrated reagents can deteriorate the native 

properties of the obtained products [32]. The production of dietary fiber ingredients (DFI) has been 

successfully used to upgrade agricultural products and by-products of cereals, fruits, and vegetables 

[33,34], therefore, the production of a high added value food ingredient based on mushroom dietary 

fiber from by-products and off-grade mushrooms can be an economical alternative to the simple 

waste disposal. Nevertheless for the food industry, beyond their nutritional and health benefits, 

dietary fibers also have technological properties that can be used in food formulations, resulting in 

texture modification and enhancement of food stability during production and storage, and more 

importantly, added fibers cannot alter the sensorial properties of foods where they are used. 

Altogether, these factors will determine their successful use in foods. 

The purpose of this work was to develop and optimize a simple and green method for the 

production of mushroom CGC enriched dietary fiber from A. bisporus off-grade mushrooms and in 

situation of excessive mushroom production, using a response surface methodology based on a 

central composite design to evaluate the influence of the process variables in the chemical 

composition, nutritional and functional properties to evaluate its suitability for use as a DFI in food 

formulations. 

2. Materials and Methods 

2.1. Materials 

As the method developed in this work is intended to be used for the valorization of off-grade 

mushrooms with no commercial value and the excesses of mushroom production, for reasons of 

simplicity and easier management, the A. bisporus mushrooms were bought on the local market for 

obtaining the DFI. Samples were stored in dark conditions at 4 °C until experiments began for a 

maximum of one day. All reagents used were of analytical grade. All reported values, unless 

otherwise stated, are expressed on a dry weight basis and are the average values of the analysis of at 

least two different replicates. 
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2.2. Method for Preparation of Mushroom DFI 

Preliminary experiments in our lab allow concluding (detailed later) that to obtain a food 

ingredient based on dietary fiber from mushrooms with good technological properties, i.e., with a 

white color and no aroma, an alkaline oxidative treatment using sodium hydroxide and hydrogen 

peroxide was the most appropriate, and this method was further optimized concerning the treatment 

time, sodium hydroxide concentration and hydrogen peroxide concentration (Table 1). For obtaining 

mushroom DFI, mushrooms (300 g) were sliced and ground in a Waring blender (3 min) and 

transferred to the treatment solution (1 L) whose composition was varied according to Table 1. The 

material was stirred at 300 rpm at room temperature (20–22 °C) during the time for each specific 

treatment. After the treatment, the solution pH was neutralized with concentrated sulfuric acid to 

pH 6–7, and hydrogen peroxide was destroyed by adding NaHSO3. The material was filtrated, re-

suspended in water and filtered again. The material was freeze-dried and the solid was ground and 

weighted. The yield, chemical and functional properties of the prepared mushroom DFI were 

determined to evaluate the impact of the studied process parameters. 

2.3. Dietary Fiber, Protein, Moisture, Lipids, Ash and Caloric Value Content of the DFI 

Due to the expected presence of chitin in the DFI, the content and sugar composition of dietary 

fiber of the mushroom DFI was determined as non-starch polysaccharides (NSP) by the method of 

Englyst et al. [35,36], being determined by the sum of sugars released after acid hydrolysis, and 

quantified by anion-exchange chromatography with pulsed amperometric detection (HPAEC-PAD) 

[37]. Protein content was determined by quantification of the nitrogen content of the mushroom DFI 

after correction for the nitrogen from glucosamine present and multiplication by 6.25. The total 

nitrogen content of the DFI was determined by the Dumas method. Moisture, lipids and ash content 

of the mushroom DFI were determined according to AOAC [38]. Total carbohydrates were calculated 

by difference. Caloric values, on a dry basis, were computed using the Attwater coefficients [39], 

corrected for 2% of ash. 

2.4. FTIR Analysis 

A Unicam Research Series FTIR spectrometer was used. The spectra were recorded in the range 

of wavenumbers 4000–450 cm−1 with 50 scans being taken at 2 cm−1 resolution. Pellets were prepared 

by thoroughly mixing DFI sample or reference polysaccharides (chitin, chitosan, and curdlan) and 

KBr at a 1:200 sample/KBr weight ratio in a small size agate mortar. The resulting mixture was placed 

in a Perkin–Elmer manual hydraulic press, and a force of 15 tons was applied for 10 min. The spectra 

obtained were background corrected and smoothed using the Savitzky–Golay algorithm using 

PeakFit v4 (AISN Software Inc., Oregon, United States, 1995). Chitin from crab shells (Sigma), 

Chitosan 66% deacetylation degree (Sigma) and curdlan (Sigma) were used as reference 

polysaccharides. 

2.5. DFI Chromatic Characteristics 

The chromatic characteristics of the DFI were evaluated with a Chroma Meter CR-300 Minolta 

(Osaka, Japan). CIE Lab coordinates were obtained using D65 illuminant a 10 observer as a reference 

system. L*, a*, and b* parameters were calculated from the average of five color measurements. The 

equipment was calibrated with a white standard (L* = 97.71; a* = −0.59 and b* = 2.31). 

2.6. Water Retention Capacity and Oil Retention Capacity 

Water retention capacity (WRC) of the mushroom DFI obtained under the different experimental 

conditions was determined under external centrifugal force using the method described by Robertson 

et al. [40]. Fiber (~1 g) was hydrated in water (30 mL) for 18 h, centrifuged (3000× g; 20 min), drained, 

and dried. WRC was calculated as the amount of water retained per g of dry fiber residue. For 

determination of the oil retention capacity (ORC) of the mushroom DFI, the same procedure 

described previously was used, but instead of water 30 mL of corn oil were used. 
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2.7. Experimental Design 

A rotatable central composite design of the experiments was performed with k = 3—treatment 

time, hydrogen peroxide and sodium hydroxide concentrations as independent variables. Central 

composite experiments consisted of three sets of experimental points [41]: (1) a factorial design with 

2k points, k is the number of xi variables (factors) with coded levels +1 and −1 for each; (2) a star for 

2k points, coded as +α and −α on the axis of the system at a distance of 2k/4 from the origin, that 

accounts for non-linearity; (3) central points, which are replicated to provide an estimate of the lack 

of fit of the linear statistical model obtained as well as the pure error of the experiments (due to 

unreliability in the measurement of the dependent variable) [42]. The main advantage of this 

methodology is to decrease the number of experimental trials needed to evaluate multiple parameters 

and their interactions. The established ranges were: sodium hydroxide concentration (�����) 0.1–

0.5 M, hydrogen peroxide concentration (�����)—1.5–4.5%, treatment time (T)—2–6 h. Table 1 shows 

the coded and uncoded experimental design. 

2.8. Statistical Analysis 

Data was fit to second-order polynomial equations (1) for each dependent Y variable, through 

multiple regression analysis using Statistic® vs 10 software. 

Y=β0 + β1X1 + β2X2 + β3X3 + β4X12 + β5X22 + β5X32 + β7X1X2 + β8X1X3 + β9X2X3, (1) 

βn are regression equation coefficients and Xn the independent variables. Based on the predicted 

model equations surface plots were generated. The analysis of the variance was performed to 

determine the lack of fit and the significance of the effects of each of the three independent factors, 

using the mean square pure error as the error term. This provides a more sensitive test of model fit 

because the effects of the additional higher-order terms are removed from the error. 

2.9. Principal Component Analysis (PCA) 

PCA is one of the most often used chemometric methods for data reduction and exploratory 

analysis of high-dimensional data sets [43]. PCA decomposes the original matrix into multiplication 

of loading (chemical composition, color, and functional properties) and score (dietary fiber samples) 

matrices. The principal components are linear combinations of the original variables. The principal 

components are uncorrelated and account for the total variance of the original variables. PCA is an 

unsupervised method of pattern recognition in the sense that no grouping of the data has to be known 

before the analysis. The new sub-space defined by the principal components leads to a model that is 

easier to interpret than the original data set. From these results, it should be possible to highlight 

several characteristics and correlate them to the chemical composition of the different DFI produced. 

3. Results 

3.1. Development and Optimization of a Method for Obtaining Mushroom DFI 

Preliminary experiments using methods previously described for the production of DFIs from 

other sources, including the simple hot water extraction [44], ethanol extraction of the low molecular 

weight material [45] and enzymatic removal of protein [46], rendered a deep yellow-brown material 

with an unpleasant smell (results not shown). This prompts us to develop an efficient method for the 

production of mushroom DFI that could render a food ingredient with desirable characteristics for 

their application in foods. This could be accomplished by using a chemical treatment with an alkaline 

solution containing hydrogen peroxide at room temperature. Under these conditions, the product 

obtained presented a white color and with no perceived odor. The method developed for the 

production of mushroom dietary fiber was optimized considering three process variables: treatment 

time (T), hydrogen peroxide concentration (�����) and sodium hydroxide concentration (�����). A 

rotatable central composite design with α = 1.68 was used for the optimization of the parameters for 

the production of mushroom DFI as well as optimization of the DFI physico-chemical, nutritional 
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and functional properties. Table 1 shows the design matrix of factors for the rotatable central 

composite design. DFI yield, chemical and nutritional composition, color, and functional properties 

were measured as the output variables. 

3.2. Yield of the Mushroom DFI 

The yield of mushroom DFI obtained varied between a minimum of 15% to a maximum of 53% 

of the mushroom dry weight (0.77% to 2.8% of the fresh mushroom weight for a mushroom water 

content of 94.7%) (Table 1). Based on the central composite design, each of the three factors (T, �����, 

and �����) had a significant effect on the mushroom DFI yield (Table 2). There was also observed 

a significant interaction between T and �����. Using multiple regression analysis, a second-order 

polynomial equation model based on codded levels was used to fit the experimental results. This 

model which consists of the factors found to be significant is shown in Table A1. The ANOVA results 

of the model obtained indicated an adequate performance with R2 = 0.64, implying that 64% of the 

variations observed for the mushroom DFI yield are explained by the factors considered. It was 

therefore considered that the model provided a good description of the experimental data. 

Nevertheless, the F-test for the lack of fit was also significant (p < 0.05) therefore a more complicated 

model or additional factors (for example variability of the mushrooms used in each experiment) are 

required to a higher fit of the experimental data [41]. Figure 1 shows the three-dimension response 

surface curves of mushroom DFI yield for each pair of factors by keeping the third factor constant at 

the level where it presented the maximum value. The factor T presented the highest positive effect 

(Table 2, Figure 1a) on the mushroom DFI yield (maximum for the +1.682 level), followed by the 

factor ����� were it was observed a positive effect (Table 2; Figure 1b) for the linear effect and a 

negative effect for the quadratic effect (maximum value for the �����  > 0 level). The interaction 

between the factor T and ����� and the linear effect of the factor ����� both had a positive effect 

on the DFI yield (Table 2, Figure 1a). 
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Table 1. Coded and actual variables for the experimental design for the optimization of mushroom dietary fiber isolation, yield (in relation to the initial mushroom 

fresh weight) and chemical composition concerning the fiber, protein, fat and ash of the dietary fiber ingredient (DFI) obtained in each experiment. 

 Coded   Actual        

����� (M) ����� (%) Time (h) ����� (M) ����� (%) Time (h) Run Number Yield (g/100g) Fiber (g/100g) Protein 1 (g/100g) Fat (g/100g) Ash (g/100g) 

−1 −1 −1 0.181 2.1 2.81 12 1.21 64.9 17.1 2.2 5.0 

+1 −1 −1 0.419 2.1 2.81 10 0.77 64.8 10.6 2.1 2.4 

−1 +1 −1 0.181 3.9 2.81 5 0.92 60.1 21.1 1.9 2.2 

+1 +1 −1 0.419 3.9 2.81 3 1.22 63.7 12.0 2.1 3.9 

−1 −1 +1 0.181 2.1 5.19 2 1.44 56.9 20.0 1.7 5.5 

+1 −1 +1 0.419 2.1 5.19 8 2.78 37.9 30.8 2.5 18.1 

−1 +1 +1 0.181 3.9 5.19 14 2.34 42.6 32.7 1.8 10.3 

+1 +1 +1 0.419 3.9 5.19 13 2.22 49.2 24.7 2.1 9.5 

− 0 0 0.1 3 4 11 1.73 42.4 28.9 2.0 6.8 

+ 0 0 0.5 3 4 16 2.14 42.7 28.5 2.1 11.5 

0 − 0 0.3 1.5 4 9 1.15 48.9 27.6 1.9 5.0 

0 + 0 0.3 4.5 4 6 2.20 45.1 28.7 1.7 6.3 

0 0 − 0.3 3 2 7 1.57 51.8 27.9 2.2 2.6 

0 0 + 0.3 3 6 20 1.84 44.8 34.5 1.9 5.0 

0 0 0 0.3 3 4 19 2.02 42.4 39.2 2.0 5.4 

0 0 0 0.3 3 4 17 1.94 49.8 23.1 1.7 8.3 

0 0 0 0.3 3 4 18 1.90 46.6 40.1 2.1 5.1 

0 0 0 0.3 3 4 4 2.09 53.8 23.8 2.2 6.5 

0 0 0 0.3 3 4 15 2.13 55.8 23.0 1.7 6.1 

0 0 0 0.3 3 4 1 1.72 47.1 31.8 2.0 3.2 

Original        30.3 22.7 5.2 9.2 

1 Protein content calculated from the difference from total nitrogen minus glucosamine nitrogen. 
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Table 2. Analysis of Variance Results for the physico-chemical and functional response variables of mushroom dietary fiber ingredient (DFI). 

  Factor            

  
Time 

(L) 

Time 

(Q) 

����� 

(L) 

����� 

(Q) 

����� 

(L) 

����� 

(Q) 
Time X 
����� 

Time X 
����� 

����� X 

����� 

Lack of 

Fit 

Pure 

Error 

Total 

SS 

DFI Yield SS 2.096 0.024 0.373 0.260 0.173 0.221 0.004 0.231 0.064 1.591 0.111 5.090 

 Df 1 1 1 1 1 1 1 1 1 5 5 19 

 F 94.65 1.12 16.86 11.76 7.80 9.98 0.183 10.44 2.92 14.37   

 p< 0.0002 0.338 0.009 0.018 0.038 0.025 0.687 0.023 0.147 0.0055   

Protein 

Yield 
SS 0.427 0.0124 0.0389 0.0680 0.0335 0.0350 0.0005 0.0561 0.102 0.382 0.118 1.257 

 Df 1 1 1 1 1 1 1 1 1 5 5 19 

 F 18.088 0.567 1.648 2.881 1.422 1.483 0.0227 2.379 4.304 3.237   

 p< 0.008 0.500 0.255 0.150 0.287 0.278 0.886 0.184 0.093 0.112   

Fat Yield SS 0.000589 0.000002 0.000044 0.00016 0.000094 0.000026 0 0.00200 0.000019 0.00059 0.000102 0.00181 

 Df 1 1 1 1 1 1 1 1 1 5 5 19 

 F 29.01 0.111 2.148 7.657 4.628 1.286 0.0012 9.860 0.941 5.818   

 p< 0.003 0.752 0.203 0.039 0.084 0.308 0.973 0.026 0.377 0.038   

L* SS 11.659 15.892 29.191 105.050 14.185 8.990 2.040 41.284 6.820 125.06 6.875 369.27 

 Df 1 1 1 1 1 1 1 1 1 5 5 19 

 F 8.479 11.558 21.230 76.399 10.316 6.538 1.484 30.024 4.960 18.191   

 p< 0.033 0.019 0.006 0.0003 0.024 0.051 0.278 0.003 0.076 0.003   

a* SS 0.587 3.785 2.291 7.757 2.304 2.030 0.648 1.641 0.546 5.914 0.144 28.075 

 Df 1 1 1 1 1 1 1 1 1 5 5 19 

 F 20.369 131.36 79.533 269.25 79.978 70.457 22.488 56.959 18.951 41.054   

 p< 0.006 0.00009 0.0003 0.00002 0.0003 0.0004 0.005 0.0006 0.007 0.0005   

b* SS 7.670 38.664 1.310 29.751 13.560 66.903 8.757 1.020 5.254 98.375 1.422 252.40 

 Df 1 1 1 1 1 1 1 1 1 5 5 19 

 F 26.969 135.96 4.607 104.61 47.681 235.25 30.793 3.587 18.475 69.183   

 p< 0.003 0.00008 0.085 0.0002 0.001 0.00002 0.003 0.117 0.008 0.0001   

WRC SS 67.870 93.966 0.337 88.368 2.126 82.042 12.880 31.859 3.521 93.974 12.770 448.08 

 Df 1 1 1 1 1 1 1 1 1 5 5 19 

 F 26.575 39.793 0.132 34.601 0.832 32.124 5.043 12.475 1.379 7.359   

 p< 0.004 0.002 0.731 0.002 0.403 0.002 0.075 0.017 0.293 0.023   

ORC SS 18.817 56.560 1.049 30.534 0.569 5.400 19.965 49.581 15.207 20.792 3.527 210.94 

 Df 1 1 1 1 1 1 1 1 1 5 5 19 

 F 26.679 80.191 1.487 43.291 0.806 7.656 28.306 70.297 21.560 5.896   

 p< 0.004 0.0003 0.277 0.001 0.410 0.039 0.003 0.0004 0.006 0.037   
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(a) (b) 

 
(c) 

Figure 1. Response surfaces for mushroom DFI yield as a function of: (a) time and hydrogen peroxide 

concentration (at sodium hydroxide concentration level of 1.682); (b) time and sodium hydroxide 

concentration (at hydrogen peroxide concentration level of 1); (c) hydrogen peroxide concentration 

and sodium hydroxide concentration (at time level of 1.682). 

These results show that during the treatment of the mushroom material with the alkaline 

solution containing hydrogen peroxide there was observed an insolubilization of material with 

treatment time, this insolubilization being promoted by higher NaOH concentrations. According to 

the response surface analysis, the predicted maximum mushroom DFI yield in the range studied is 

2.9% of the mushroom fresh weight (95% prediction interval: 2.1–3.6%) when the factor T is +1.682, 

the factor �����  is +0 and the factor ����� is +1.682, corresponding to 55% of the mushroom solids. 

To understand what is being insolubilized during the treatment of the mushroom material, and as 

the composition of DFIs are important from a legal perspective [47] but also for its nutritional and 

functional properties, the fiber, protein, lipid and ash contents of the DFI were determined. 

3.3. Fibre Content and Composition 

As can be observed in Table 1, fiber was the main component of the mushroom DFI for all the 

conditions employed and ranged from 45.9% to 70.4%. Only the factor T had a significant negative 

effect on the DFI fiber content (Table 2), therefore although higher treatment times resulted in higher 

DFI yields, there was also observed a decrease in the relative abundance of dietary fiber in the DFI. 
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The previously described increase in the DFI yield with T is not related to an increase in fiber retention 

during the treatment as there was not observed a correlation between fiber yield and treatment time 

(R2 = 0.2092). For obtaining a mushroom DFI with higher fiber contents the lower processing times 

assure this value (Table 1). The yield of dietary fiber obtained ranged between 0.50% of the 

mushroom’s fresh weight to 1.3%, corresponding to a yield of fiber between 31% and 81% of original 

mushroom fiber content (on average 54%). This yield is explained by the fact that some of the A. 

bisporus polysaccharides are water and alkali-soluble [48]. 

In Table 3 it is shown the sugar composition of the mushroom DFI obtained for the different 

experimental conditions tested. In addition, the sugar composition of the fiber of the freeze-dried 

mushrooms is shown. The method applied resulted in a relative increase of the fiber in the DFI from 

1.9 to 2.9 times in comparison with the original mushroom, showing the efficiency of the method 

employed for enriching the DFI with the original mushroom fiber. As can be observed, the main 

sugars present in the mushroom DFI were glucose followed by glucosamine and xylose that together 

account for more than 91% of the total sugars present. Smaller amounts of mannose, glucuronic acid, 

fucose, and galacturonic acid were also present. This sugar composition is similar to that described 

in previous works that have shown that A. bisporus cell walls are composed predominantly by β(1→3)-

linked glucan containing some β(1→6) linkages containing also chitin [27,48,49]. FTIR analysis of the 

DFI confirms the presence of chitin (Figure 2). The spectra had characteristic bands at 3400–3480 cm−1 

that responded to OH-3 and CH2OH-6 intra- and intermolecular hydrogen bonds, bands at 1650 cm−1 

for amide I, and 1557 cm−1 for amide II vibrational mode. The chitin present in the mushroom DFI is 

in an antiparallel α-conformation [50] as there is observed a split of the amide I vibration band at 1655 

cm−1, identical to the reference crustacean chitin (Figure 2). These results confirmed that the 

glycosaminoglycans of DFI from A. bisporus were in highly acetylated form. The ratio of intensities 

of the bands at ~1379 and ~2920 cm−1 has been suggested as the crystallinity index for chitin and 

chitosan [51]. The crystallinity index of the DFI chitin was similar to that of the reference chitin (1.07 

vs 1.12, respectively) and higher than that observed for the reference chitosan (0.78). The crystallinity 

index obtained mushroom DFI was higher than that obtained by Wu et al. [27], this being probably 

due to the preparation method used by these authors (1M NaOH at 95 °C during 30 min followed by 

2% acetic acid at 95 °C during 6 h). A clear spectrum of the glucan in DFI could not be observed, due 

to the overlapping of chitin bands and the lack of unique bands in β-glucans when compared to chitin 

(Figure 3). This composition of dietary fiber is similar to that previously described [52], although in 

our work the amount of glucosamine was lower, and this can be related with different times after 

harvesting of the mushrooms [53] or to different A. bisporus strains used [54], nevertheless the chitin 

content of the A. bisporus obtained in this work is in agreement with previous works [27,48,49,55]. 

Although the relative abundance of the different sugars in the mushroom DFI is similar to that 

observed for the original mushroom there was a decrease in the relative abundance of fucose (−60%), 

galactose (−70%), and glucuronic acid (−60%). The other sugars present increased their relative 

abundance by 10% for glucose, 70% for xylose and 30% for mannose. Galacturonic acid was not 

detected in the original mushrooms but was present in most of the DFI obtained, and the relative 

abundance of glucosamine was on average the same as that found in the original mushroom dietary 

fiber. 
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Table 3. Sugar composition of starting material (g/100 g) and mushroom dietary fiber ingredient (g/100 g ashless basis). 

 Fuc GlcNH2 Gal Glc Xyl Man GalA GlcA Total 

Original 0.2 (0.0) a 7.1 (0.1) j 1.5 (0.1) a,b 18.4 (0.4) j 1.1 (0.1) h 0.5 (0.1) c n.d. a 1.4 (0.3) a,b,c 30.3 (0.7) j 

1 0.1 (0.0) a 21.1 (0.7) a 0.5 (0.1) g 38.1 (2.3) a,b 5.2 (0.2) a 1.6 (0.1) a,b 0.1 (0.1) a 1.6 (0.5) a,b,c 68.4 (2.9) a 

2 0.1 (0.0) a 20.3 (0.6) a,b 0.7 (0.0) e,f,g 36.9 (1.5) a,b,c 5.1 (0.3) a 1.8 (0.0) a 0.2 (0.1) a 1.2 (0.3) a,b,c 66.4 (0.9) a,b 

3 0.1 (0.0) a 20.8 (0.3) a 0.7 (0.0) e,f,g 31.7 (2.0) d,e,f 4.9 (0.4) a,b,c 1.6 (0.1) a,b 0.3 (0.0) a 1.2 (0.2) a,b,c 61.5 (2.6) b,c 

4 0.1 (0.0) a 17.4 (0.6) c,d 0.6 (0.0) f,g 40.0 (2.7) a 4.5 (0.0) a,b,c,d 1.5 (0.1) a,b 0.2 (0.2) a 1.9 (0.5) a,b 66.2 (2.5) a,b 

5 0.2 (0.0) a 16.5 (0.2) d,e 0.7 (0.1) e,f,g 34.8 (0.9) b,c,d,e 4.3 (0.3) b,c,d,e 1.5 (0.1) a,b 0.1 (0.2) a 2.1 (0.4) a 60.2 (0.5) c 

6 0.2 (0.0) a 12.6 (1.3) h,i 1.3 (0.0) a,b,c,d 26.1 (1.1) g,h,i 3.3 (0.0) g 1.4 (0.0) a,b 0.1 (0.1) a 1.4 (0.3) a,b,c 46.3 (0.9) h,i 

7 0.2 (0.0) a 12.3 (0.2) h,i 1.0 (0.0) c,d,e,f 27.7 (1.4) f,g,h 3.2 (0.3) g 1.3 (0.1) b 0.2 (0.1) a 1.5 (0.2) a,b,c 47.5 (1.9) h,i 

8 0.2 (0.0) a 13.9 (0.2) f,g,h 1.1 (0.1) b,c,d,e 32.1 (1.4) c,d,e,f 3.9 (0.3) d,e,f,g 1.2 (0.1) b 0.1 (0.2) a 1.9 (0.4) b 54.4 (1.6) d,e,f 

9 0.2 (0.0) a 15.0 (0.4) e,f,g 0.9 (0.0) d,e,f,g 22.6 (0.6) i,j 4.2 (0.1) c,d,e,f 1.6 (0.0) a,b 0.2 (0.0) a 0.7 (0.2) a,b,c 45.5 (0.7) i 

10 0.2 (0.0) a 13.6 (0.2) f,g,h 1.1 (0.0) b,c,d,e 27.3 (1.0) f,g,h,i 3.6 (0.2) e,f,g 1.4 (0.1) a,b 0.2 (0.0) a 0.9 (0.1) a,b,c 48.3 (1.4) g,h,i 

11 0.2 (0.0) a 15.3 (0.4) e,f 1.0 (0.1) c,d,e,f 27.5 (0.9) f,g,h,i 4.2 (0.1) c,d,e,f 1.8 (0.1) a 0.2 (0.0) a 1.1 (0.2) a,b,c 51.5 (1.2) f,g,h 

12 0.2 (0.0) a 11.5 (0.1) i 1.6 (0.1) a 28.8 (0.8) f,g,h 3.2 (0.1) g 1.5 (0.1) a,b 0.0 (0.0) a 1.2 (0.2) a,b,c 48.1 (0.7) g,h,i 

13 0.2 (0.0) a 15.1 (0.1) e,f,g 1.0 (0.1) c,d,e,f 29.9 (0.5) e,f,g 4.2 (0.0) c,d,e,f 1.5 (0.0) a,b 0.2 (0.0) a 1.1 (0.2) a,b,c 53.2 (0.1) e,f,g 

14 0.2 (0.0) a 13.4 (0.5) g,h 1.3 (0.0) a,b,c,d 26.1 (0.1) g,h,i 3.6 (0.1) e,f,g 1.4 (0.0) a,b 0.2 (0.0) a 1.0 (0.2) a,b,c 47.2 (0.4) h,i 

15 0.2 (0.0) a 13.3 (0.6) g,h 1.3 (0.0) a,b,c,d 24.2 (0.0) h,i 3.6 (0.1) e,f,g 1.2 (0.1) b n. d. a 1.0 (0.2) a,b,c 44.8 (0.6) i 

16 0.2 (0.0) a 18.8 (0.3) b,c 1.0 (0.0) c,d,e,f 26.6 (0.7) g,h,i 5.0 (0.1) a,b 1.6 (0.0) a,b 0.3 (0.0) a 0.8 (0.2) b,c 54.3 (0.4) d,e,f 

17 0.2 (0.0) a 12.8 (0.3) h,i 1.3 (0.1) a,b,c,d 28.9 (0.3) f,g,h 3.5 (0.0) f,g 1.2 (0.1) b n. d. a 1.2 (0.3) a,b,c 49.1 (0.4) f,g,h,i 

18 0.1 (0.0) a 15.3 (0.0) e,f 0.8 (0.1) e,f,g 34.0 (2.0) b,c,d,e 4.1 (0.1) d,e,f 1.4 (0.0) a,b 0.1 (0.2) a 1.7 (0.3) a,b,c 57.5 (1.6) c,d,e 

19 0.1 (0.0) a 15.3 (0.2) e,f 0.8 (0.1) e,f,g 35.7 (0.5) a,b,c,d 4.2 (0.1) c,d,e,f 1.3 (0.1) b 0.1 (0.2) a 1.8 (0.4) a,b,c 59.4 (0.1) c,d 

20 0.2 (0.0) a 15.4 (0.6) e,f 1.4 (0.1) a,b,c 25.0 (0.1) g,h,i 4.1 (0.0) d,e,f 1.4 (0.1) a,b 0.2 (0.1) a 0.9 (0.2) a,b,c 48.6 (0.9) g,h,i 

Values are presented as mean and standard deviation is inside brackets (n = 2); within the same column, values with the same superscript letter are not significantly 

different (p < 0.05, ANOVA and Tukey post-hoc test). 
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Figure 2. FTIR spectra of the DFI obtained in treatment nº 4 and of the reference polysaccharides 

chitin, chitosan and curdlan. 

 

Figure 3. Dietary fiber ingredient obtained for the treatment nº 4. ����� = 0.419 M; ����� = 3.9% and 

T = 2.81 h. 

3.4. Protein, Fat, Ash Content and Energy 

Protein was the second most abundant component of the mushroom DFI, ranging from 11 to 

40% (Table 1). The yield of protein obtained varied between a minimum of 0.081% of the mushroom 

fresh weight to 0.88%, representing between 6.7% and 73% of the original mushroom protein content. 

Only T had a significant effect on the yield of protein from the mushroom. There was observed an 

increase in the amount of protein recovered in the DFI with increasing T, nevertheless, the model 

(Table 3) is not enough to explain the variations observed in the amount of protein recovered in the 
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DFI (R2 = 0.33) during the chemical treatment of the mushroom material. Lower T assure lower 

amounts of protein in the DFI. This higher recovery of protein in the ingredient with increasing T 

was probably due to the denaturation of protein during the treatment in alkaline solution [56], to the 

crosslinking of protein due to the hydrogen peroxide treatment [57] or due to the alkaline conditions 

employed leading to the formation of lysinoalanine crosslinks [58]. 

The fat recovered in the mushroom DFI varied between a minimum of 0.016% of the mushroom 

fresh weight, to 0.057%, representing between 4.9% and 17.4% of the original mushroom fat content. 

There is observed an increase in the amount of fat recovered in the DFI with the increasing T and 

increasing ����� being observed a significant interaction between these two factors. This higher 

recovery of fat in the final product was probably due to the precipitation or adsorption of fatty acids 

released from triglycerides during the alkaline treatment, as also higher ����� and increasing T 

resulted in higher amounts of fat recovered. 

The caloric values were calculated for each mushroom DFI produced under the different 

conditions employed and ranged from 261 to 316 kcal on a dry basis (Table 1). As can be observed, 

and as expected, the DFI with a higher amount of dietary fiber presented the lower caloric values. 

3.5. Colour of Mushroom DFI 

The mushroom DFI presented a white/yellowish color depending on the treatment conditions 

(Table 4). 

Table 4. Yield, water and oil retention capacity and color parameters a obtained for the different runs 

used for the optimization process. 

Run L* a* b* Water Retention Capacity Oil Retention Capacity 

1 91.0 −0.113 11.39 15.2 11.3 

2 89.3 0.320 15.71 18.5 12.0 

3 82.1 1.100 17.68 18.5 11.3 

4 90.6 −0.470 13.41 21.3 18.9 

5 87.4 0.337 18.49 16.3 15.7 

6 90.5 −0.467 18.88 8.5 7.8 

7 90.3 −0.360 15.24 11.3 10.8 

8 75.8 2.930 17.75 9.3 7.0 

9 86.9 0.787 21.52 11.4 12.6 

10 84.7 1.517 20.37 9.9 10.4 

11 81.3 1.037 20.18 11.5 11.5 

12 81.0 2.507 22.95 9.2 8.4 

13 93.8 −2.623 16.37 10.6 7.4 

14 88.2 −0.080 22.72 9.6 7.8 

15 89.4 −0.497 22.94 5.9 7.7 

16 88.9 −0.677 23.61 4.2 7.7 

17 91.9 −0.224 22.34 5.7 7.9 

18 89.5 −0.304 22.61 4.7 6.0 

19 88.8 −0.273 22.52 6.2 6.9 

20 89.1 −0.443 23.51 8.8 6.1 
a L* defines lightness, a* denotes the red (+)/green (−) value and b* the yellow (+)/blue (−) value. 

In theory, the perfect colorless white (white point) has the values L* = 100, a* = 0, b* = 0, therefore, 

processing conditions rendering DFI with values close to these theoretical values will allow to obtain 

DFI with a white color. Lightness (L*) was significantly affected by the three factors, being also 

observed a significant interaction between T and ����� and between �����  and ����� (Table 2). 

Taking all these effects into account, for obtaining a DFI with a high L* value, the optimum �����  

level is 0 and aiming having a DFI with higher fiber values (Section 3.2), the ����� level should be 
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1.682 and the level for the treatment time factor should be −1 (predicted L* = 103.79; 88.90 to 118.18). 

For the a* value (red-green coordinate of the color space), all factors, either linear or quadratic effects 

were significant. In addition, there was observed a significant interaction between all factors (Table 

2). There are several combinations of independent variables (T, �����, ����� ) that allow to obtain 

the desired value of a* = 0 as there is observed a significant interaction between all factors (Table 2). 

Optimum values for a* for factor T −1, important for obtaining high fiber percentage in the DFI, can 

be obtained with the following combination: levels of �����  of 1 and of ����� of 1 (predicted a* 

value of 0.785 and prediction interval of −5.760 to 7.330). For the b* value (yellow-blue coordinate of 

the color space), the linear terms of T and �����  and all quadratic terms of the factors had a 

significant effect (Table 2). Additionally, there was observed a significant interaction between T and 

�����  and ����� and ����� (Table 2). For the desired value of b*, all factors should remain at the 

lower level yielding a b* value of 0.131 (95% prediction interval of −2.814 to 3.076). These results show 

that the method developed allowed us to obtain a DFI with desirable neutral color values for their 

application as a food ingredient (Figure 3). 

3.6. Mushroom DFI Water and Oil Retention Capacity 

The water retention capacity (WRC) of mushroom DFI is shown in Table 4. WRC ranged from a 

minimum of 4.2 g water/g of DFI to a maximum of 21.3 g water/g of DFI. The highest WRC values 

obtained for the mushroom DFI are higher than that obtained for dietary fiber concentrates obtained 

from orange, peach, artichoke and asparagus, mango peel, sugar beet (10–14 g/g), apple and pear (6–

7 g/g) and much higher than that observed for wheat and oat bran, carrot, and pea dietary fiber 

concentrates (3–4 g/g) [59–61] and in the range of that observed for potato fiber (23–25 g/g) [62]. As 

can be observed in Figure 4a, the WRC of the mushroom DFI was strongly dependent on T, being 

observed a decrease in the WRC with increasing T, whatever the �����. 
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(c) 

Figure 4. Response surfaces for mushroom DFI water retention capacity (WRC) as a function of: (a) 

time and hydrogen peroxide concentration (at sodium hydroxide concentration level of 1.682); (b) 

time and sodium hydroxide concentration (at hydrogen peroxide concentration level of 1.682); (c) 

hydrogen peroxide concentration and sodium hydroxide concentration (at time level of −1.682). 

For the ����� there was observed a minimum for the WRC at the central value of this factor, 

with lower and higher levels showing a positive effect in the WRC of the DFI. For the ����� there 

were observed to different situations (Figure 4b), for lower treatment times there was observed an 

increase in the WRC with increasing ����� , the reverse was true for higher treatment times. 

Keeping the level of factor T at the minimum, the effect of ����� on the WRC of DFI was much 

more important than the �����  (Figure 4c). Whatever the �����  the higher WRC was observed for 

the higher �����. For a higher WRC of the DFI the optimum �����  level was 1.682, the ����� 

level should be 1.682 and the level for factor T should be −1.682 (predicted WRC of 36.0 g/g of DFI 

with a 95% prediction interval of 29.6 to 42.4 g/g). 

The oil retention capacity (ORC) of mushroom DFI is shown in Table 4. ORC varied from a 

minimum of 6.0 g oil/g of DFI to a maximum of 18.9 g oil/g of DFI. The ORC values obtained for the 

mushroom DFI were higher than that obtained for dietary fiber concentrates obtained from apple, 

pea, wheat, carrot (1–2.3 g/g) and sugar beet (5 g/g) [59], apple pomace and citrus by-products (0.6–

1.8 mL oil/g) [63], unripe banana flour (~2 mL oil/g) [64]; carrot pulp dried at 50 °C (~6 mL oil/g) [65] 

and asparagus by-products (5.5–8.5 mL oil/g) [66]. As can be observed in Figure 5a, the ORC of the 

mushroom DFI was strongly dependent on the �����  and T, being observed the higher value of 

ORC for lower T and higher ����� . 
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Figure 5. Response surfaces for mushroom DFI oil retention capacity (ORC) as a function of: (a) time 

and hydrogen peroxide concentration (at sodium hydroxide concentration level of 1.682); (b) time 

and sodium hydroxide concentration (at hydrogen peroxide concentration level of 1.682); (c) 

hydrogen peroxide concentration and sodium hydroxide concentration (at time level of −1.682). 

The same effect was observed for factor �����, for lower T there was observed an increase in 

the ORC with increasing �����, the reverse was true for high T (Figure 5b). When the effect of the 

factors �����  and �����  are represented, there was observed that the maximum ORC was 

obtained or for high ����� and �����  when the treatment time was at the lower level (Figure 5c) 

the reversed being observed for longer treatment times (result not showed). Using the factor levels 

where the maximum value is observed (T = −1.682; �����  and ����� = 1.682) the predicted value 

of ORC of the DFI is 35.8 g/g of DFI (95% prediction interval between 30.8 to 40.8 g/g). 

3.7. Effect of Mushroom DFI Chemical Composition on the Colour and Functional Properties 

To understand the effect of the chemical composition of the mushroom DFI obtained under the 

different processing conditions on the color and functional properties of mushroom DFI, the data 

obtained was analyzed by principal component analysis (PCA). The first three principal components 
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xylose, WRC and ORC and negatively with protein and the b* value. The second PC, which explains 

14.6% of the total variance, correlates positively with galacturonic acid content and negatively with 

glucuronic acid content, and PC3, which explains 13.5% of the total variance correlates positively 

with the a* value and negatively with lightness (L*). These results show that the WRC and ORC of 

the DFI are correlated with the total sugar content of the DFI (Figure 6a) and the b* value, related to 

the yellowness of the DFI is correlated with its protein content. 

  
(a) (b) 

Figure 6. (a) Factor loading plot based on correlations of the mushroom DFI chemical composition, 

color characteristics and functional properties projected on the space of PC1 vs. PC3; (b) scores plot 

of the mushroom DFI samples projected on the space of PC1 vs. PC3. 

The scatter plot of the sample scores on the PC1 and PC3 scores (Figure 6b) shows the formation 

of two distinct clusters along the PC1. Samples with positive PC1 scores have a high relative content 

of total sugars and also a high WRC and low protein content and were less yellow, the opposite being 

true for the samples with negative PC1 scores. The WRC of dietary fibers is dependent on its structure 

[62,67] and chemical composition [68,69]. The water retained by dietary fiber material generally 

comprise three types of water, retained by three mechanisms: water bound by the hydrophilic 

polysaccharides of the fiber, dependent on the chemical composition of the fiber; water held by the 

fiber in the fiber matrix, mainly dependent on the pore size distribution of the fiber matrix; and water 

associated with fiber other than bound or matrix water, trapped within the cell wall lumen, 

dependent on the fiber source, method of preparation and method of measurement. Contrarily the 

ORC is in part related to its chemical composition but is more largely a function of the porosity of the 

fiber structure rather than the affinity of the fiber molecule for oil [70]. 

Samples with high scores on PC3 contain a relatively high a* value and lower L* value. As can 

be observed in Figure 6b, the group composed by the samples with a high PC1 score, corresponding 

to the DFI resulting from the 5 first treatments applied, are subdivided according to PC3 forming two 

groups, samples 3 and 5 contain a higher a* and lower L* values when compared to samples 1, 2 and 

4. 

4. Discussion 

The production of a DFI from A. bisporus by-products, besides being a good strategy to reduce 

wastes generated in the mushroom agro-industry, can yield a DFI that besides having prebiotic 

activity [19,21,22] can also present a range of other very interesting biological activities. Several 

studies have shown that A. bisporus polysaccharides show immunostimulatory [71–74], antioxidant 

[74,75], antitumor [76–78], anti-inflammatory [7,79] and anti-sepsis activities [80], as well as 

antinociceptive inhibition [7,80]. The method developed allowed to concentrate the A. bisporus fiber 

polysaccharides up to 2.9 times, with a chemical composition similar to the initial cell wall, and so 

the biological activities of these polysaccharides are expected to be enhanced due to the concentration 
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observed during the production process. In addition, it is expected that the original CGC present in 

A. bisporus cell walls is maintained [27,48,49]. CGC has been shown beneficial effects concerning the 

development of obesity and associated metabolic diabetes and hepatic steatosis, through a 

mechanism related to the restoration of the composition and/or the activity of gut bacteria, namely, 

bacteria from clostridial cluster XIVa [81]. Furthermore, CGC has potential beneficial effects 

concerning the development of atherosclerosis, mainly related to improving the antioxidant status 

[11,12]. On the other hand, chitin consumption can reduce triglyceride and cholesterol levels in liver 

and increase excretion of triglycerides in feces [13] and reduce cholesterol levels [14], and linear β-

(1→3)-glucans have shown hypoglycemic activity accompanied by promotion of metabolism and 

inhibition of inflammation, through suppressing SGLT-1 expression and possibly associated with 

alteration of gut microbiota [15]. Nevertheless, to be acceptable, a DFI added to a food product must 

perform in a satisfactorily as a food ingredient [82], namely be bland in taste, color, and odor. Besides 

the well-established nutritional benefits of adding dietary fiber ingredients to food products, the use 

of DFI can also have important technological advantages [59]. Of the various technological benefits, 

the increases in the water retention capacity (WRC) and oil retention capacity (ORC) of foods are one 

of the main advantages of using DFIs [59,83]. Both WRC and ORC can increase the technological yield 

of food. WRC of DFIs can be advantageous in sauces and soups, but also for their textural properties, 

enhancing the flow properties and avoiding lump formation in powdered mixes (e.g., ready-to-eat 

sauces, mixes of spices, flavoring agents). ORC can be exploited in foods (cooked meat products) to 

enhance their retention of fat that is normally lost during cooking, being also beneficial for flavor 

retention [59]. The WRC can have a nutritional interest as well, as increase in water retention has been 

related to an increase in orocaecal transit time. The water-holding capacity of dietary fiber has been 

proposed to be valuable in the diet to alter stool bulking [84]. Increased stool weight can cause shorter 

gut transit times limiting the exposure of the gut to secondary bile acids and other toxins [85,86]. 

The use of a sodium hydroxide concentration of 0.419 mol/L and hydrogen peroxide of 3.9% 

during 2.81 h, at room temperature, allow to obtain the highest yield of DFI (1.22% in relation to the 

fresh weight) with one of the highest dietary fiber (63.7 g/100 g) and lower protein (12.0 g/100 g) 

contents and highest WRC (21.3 g/g of DFI) and ORC (18.9 g/f of DFI). In addition, the chromatic 

characteristics of the DFI obtained show that it has a good lightness (L* = 90.6) and neutral (white) 

color (a* = −0.470 and b* = 13.71). 

The by-products of A. bisporus production can be successfully used for the production of a DFI 

using a simple method at room temperature and using food-grade materials, being a good strategy 

to reduce wastes in the mushroom agro-industry. Due to the simplicity and the efficiency shown in 

the production of A. bisporus DFI, there are no anticipated problems in applying this technology to 

other abundant mushrooms wastes as those derived from the production of Lentinus edodes and the 

oyster mushroom (Pleurotus ostreatus). 
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Appendix A 

Table A1. Regression equation coefficients for response parameters of mushrooms DFI. 

Dependent Variable Equation 1 R2 R2Adj 

DFI Yield Y = −1.937 + 0.391X1 + 0.166X2 − 0.130X2 2 + 0.112X3 − 0.119X3 2 + 0.170X1X3 0.647 0.483 

Protein Yield Y = −0.528 + 0.177X1 0.339 0.303 

Fat Yield Y = − 0.035 − 0.0066X1 − 0.0031X2 2 − 0.005X1X3 0.515 0.424 

L* Y = 90.20 − 0.92X1 − 1.13X1 2 − 1.46X2 − 2.78X2 2 − 1.02X3 − 2.27X1X3 0.596 0.409 

a* Y = −0.397 + 0.207X1 + 0.514X1 2 + 0.410X2 + 0.733X2 2 + 0.412X3 − 0.371X3 2 + 0.285X1X2 + 0.453X1X3 + 0.261X2X3 0.785 0.592 

b* Y = 23.07 + 0.749X1 − 1.646X1 2 − 1.425X2 2 + 1.000X3 − 2.140X3 2 − 1.004X1X2 − 0.810X2X3 0.588 0.348 

WRC Y = 5.784 − 2.229X1 + 2.566X1 2 + 2.467X2 2 + 2.377X3 2 − 1.996X1X3 0.714 0.612 

ORC Y = 6.989 − 1.174X1 + 1.985X1 2 + 1.449X2 2 + 0.609X3 2 − 1.580X1X2 − 2.489X1X3 + 1.379X2X3 0.875 0.801 
1 X1 = Time; X2 = �����; X3 = ����� 
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Table A2. Factor-variable correlations (factor loadings), based on correlations. 

 Factor 1 Factor 2 Factor 3 

Total Sugars 0.946 −0.167 −0.054 

GlcNH2 0.861 0.326 −0.059 

Glc 0.825 −0.463 −0.065 

Xyl 0.837 0.376 −0.061 

Man 0.607 0.551 0.219 

GalA 0.358 0.686 0.037 

GlcA 0.458 −0.801 0.063 

Fuc −0.819 0.213 0.166 

Fat −0.000 −0.284 −0.501 

Ash −0.484 −0.383 0.004 

Protein −0.938 0.002 −0.129 

WRC 0.801 −0.030 0.192 

ORC 0.652 −0.083 0.205 

L* 0.068 0.090 −0.924 

a* −0.072 −0.226 0.922 

b* −0.717 0.311 0.151 
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