Table 1. Physicochemical properties of composite flours substituted by three wheat species (Purple, Spelt, Einkorn) whole grain flour
	
	
	Ash
content1 (%)
	L*
	a*
	b*
	Protein
content1
	Wet gluten content (%)
	Lactic acid
SRC (%)
	Water
SRC (%)
	Sodium carbonate
SRC (%)
	Sucrose
SRC (%)
	Glutenin
swelling index
value

	Sedimentation
value
(mL)
	Amylose content
(%)


	Control
	0.699 ± 0.002m
	91.91 ± 0.39a
	0.73 ± 0.03g
	11.05 ± 0.03d
	11.23 ± 0.19h
	23.47 ± 0.46d
	94.7 ± 2.61b
	67.0 ± 0.45h
	79.8 ± 0.62hi
	89.0 ± 0.67h
	3.34 ± 0.05a
	56.3 ± 2.1a
	27.27 ± 0.79ab

	Purple
wheat (PW)
flour
	PW1
	1.533 ± 0.006d
	83.76 ± 0.05fg
	1.92 ± 0.04cd
	8.78 ± 0.15f
	12.72 ± 0.13b-d
	23.81 ± 1.18d
	79.0 ± 0.10e
	74.8 ± 0.80fg
	87.1 ± 0.59e
	95.9 ± 1.26ef
	3.11 ± 0.03cd
	17.0 ± 1.0f
	24.10 ± 0.34b-d

	
	PW2
	1.368 ± 0.003f
	84.62 ± 0.44d-f
	1.76 ± 0.09d
	8.91 ± 0.11f
	12.13 ± 0.14d-f
	24.24 ± 0.67d
	78.3 ± 0.34e
	72.4 ± 1.49g
	83.2 ± 0.43fg
	92.4 ± 0.74fgh
	3.06 ± 0.01d
	22.7 ± 1.5e
	26.05 ± 0.30a-c

	
	PW3
	1.133 ± 0.003i
	86.78 ± 0.12c
	1.42 ± 0.05e
	9.02 ± 0.13ef
	11.82 ± 0.37f-h
	24.28 ± 0.91d
	79.9 ± 0.60e
	71.4 ± 1.74g
	81.1 ± 0.52gh
	87.5 ± 6.02h
	3.19 ± 0.03cd
	33.3 ± 0.6cd
	26.06 ± 0.79a-c

	
	PW4
	0.895 ± 0.005i
	89.10 ± 0.15b
	1.05 ± 0.01f
	9.50 ± 0.08e
	11.32 ± 0.29h
	23.33 ± 1.18d
	86.8 ± 1.27cd
	71.8 ± 0.3g
	78.8 ± 0.16i
	89.0 ± 0.44gh
	3.34 ± 0.02a
	41.0 ± 1.0b
	24.10 ± 0.34b-d

	
	mean
	1.124C
	87.23B
	1.38C
	9.45C
	11.84C
	23.83C
	83.7B
	71.5C
	82.0C
	90.9C
	3.21B
	34.1B
	25.52

	Spelt
wheat (SW)
flour
	SW1
	1.870 ± 0.001a
	83.46 ± 0.19g
	2.32 ± 0.10b
	12.04± 0.18ab
	13.79 ± 0.17a
	30.29 ±1.54a
	100.9 ± 1.75a
	94.4 ± 1.08a
	108.3 ± 0.27a
	120.2 ± 0.72a
	3.33 ± 0.07ab
	19.33 ± 1.2ef
	21.69 ± 1.74d

	
	SW2
	1.575 ± 0.005c
	85.40 ± 0.16d
	1.91 ± 0.10cd
	11.23 ± 0.06cd
	13.22 ± 0.22ab
	28.06 ± 1.14ab
	95.3 ± 1.56b
	87.3 ± 1.02b
	100.9 ± 0.40b
	111.6 ± 0.32b
	3.16 ± 0.02cd
	22.7 ± 3.8e
	25.35 ± 2.17a-d

	
	SW3
	1.287 ± 0.002g
	86.60 ±0.02c
	1.73 ± 0.02d
	11.26 ± 0.07cd
	12.27 ± 0.21d-f
	26.96 ± 0.13bc
	87.4 ± 0.16cd
	82.0 ± 0.66d
	92.7 ± 0.39d
	106.9 ± 0.02bc
	3.20 ± 0.05bc
	29.3 ± 0.6d
	22.84 ± 3.12cd

	
	SW4
	0.961 ± 0.001j
	88.89 ± 0.41b
	1.32 ± 0.06e
	10.90 ± 0.29d
	11.75 ± 0.23f-h
	24.68 ±0.76cd
	83.0 ± 1.14de
	73.0 ± 0.08g
	83.0 ± 0.86fg
	95.5 ± 0.38efg
	3.33 ± 0.08ab
	43.3 ± 1.2b
	27.33 ± 2.42ab

	
	mean
	1.278A
	87.25B
	1.60B
	11.30B
	12.45A
	26.69A
	92.2A
	80.7A
	92.9A
	104.6A
	3.27A
	34.2B
	24.90

	Einkorn
wheat (EW)
flour
	EW1
	1.778 ±  0.003b
	84.41 ± 0.32e-g
	2.71 ± 0.11a
	12.51 ± 0.38a
	13.00 ± 0.12bc
	28.19 ± 0.55ab
	94.7 ± 0.35b
	87.3 ± 0.78bc
	95.4 ± 1.22c
	107.2± 0.70bc
	3.19 ± 0.01cd
	22.3 ± 0.6e
	25.16 ± 1.67b-d

	
	EW2
	1.490 ± 0.010e
	85.22 ± 0.65de
	2.46 ± 0.07b
	12.17 ± 0.21a
	12.56 ± 0.13c-e
	26.77 ± 0.26bc
	91.5 ± 0.44bc
	83.9 ± 2.80cd
	90.8 ±0.31d
	103.2 ± 0.29cd
	3.07 ± 0.03cd
	29.3 ± 0.6d
	22.94 ± 2.47cd

	
	EW3
	1.214 ± 0.007h
	87.26 ± 0.22c
	2.01 ± 0.03c
	11.60 ± 0.20bc
	12.01 ± 0.24e-g
	24.93 ± 0.70cd
	87.0 ± 2.78cd
	78.6 ± 0.45e
	86.4 ± 0.44e
	98.6 ± 1.68de
	3.13 ± 0.05cd
	35.0 ± 1.7c
	24.25 ± 0.75b-d

	
	EW4
	0.944 ± 0.006k
	89.32 ± 0.32b
	1.47 ± 0.07e
	11.16 ± 0.17cd
	11.48 ± 0.21gh
	22.96 ± 0.09d
	88.5 ± 2.30c
	76.5 ± 1.01ef
	83.9 ± 1.70f
	[bookmark: _Hlk169733240]97.0 ± 0.93ef
	3.36 ± 0.04a
	42.3 ± 0.6b
	29.40 ± 1.78a

	
	mean
	1.225B
	87.62A
	1.88A
	11.70A
	12.05B
	25.26B
	91.3A
	78.6B
	87.3B
	99.0B
	3.22B
	37.1A
	25.80

	Substitution rate (%)

	25
	0.933 ± 0.030d
	89.10 ± 0.33b
	1.28 ± 0.19d
	10.52 ± 0.79c
	11.52 ± 0.29d
	23.66 ± 1.05c
	86.1 ± 2.85cd
	73.8 ± 2.18	d
	81.9 ± 2.53d
	94.1 ± 3.29d
	3.34 ± 0.05a
	42.2 ± 1.30b
	26.94 ± 2.77a

	50
	1.211 ± 0.067c
	86.88 ± 0.32c
	1.72 ± 0.26c
	10.63 ± 1.22bc
	12.03 ± 0.31c
	25.39 ± 1.34b
	84.8 ± 3.91d
	77.3 ± 4.77	c
	86.7 ± 5.05c
	97.7 ± 9.21c
	3.17 ± 0.05b
	32.6 ± 2.70c
	24.39 ± 2.21b

	75
	1.477 ± 0.090b
	85.08 ± 0.53d
	2.05 ± 0.33b
	10.77 ± 1.46b
	12.64 ± 0.50b
	26.36 ± 1.81ab
	88.4 ± 7.77c
	81.2 ± 6.96b
	91.6 ± 7.71b
	102.4 ± 8.35b
	3.10 ± 0.05c
	24.9 ± 3.92d
	24.78 ± 2.22b

	100
	1.725 ± 0.154a
	83.88 ± 0.46e
	2.31 ± 0.35a
	11.11 ± 1.77a
	13.17 ± 0.50a
	27.43 ± 3.03a
	91.5 ± 9.80b
	85.5 ± 8.63a
	96.9 ± 9.30a
	107.8 ± 10.53a
	3.21 ± 0.10b
	19.6 ± 2.46e
	23.65± 1.98b


¹Results are corrected to a dry matter basis. Within each column, interaction means (Wheat Species × Substitution Rate) shown with different italicized lowercase letters are statistically different (p < 0.05). Overall wheat species means (within each species' “mean” row) shown with different capital letters are statistically different (p < 0.05). Within each column, means for substitution rates (across all wheat species) denoted by different superscript lowercase letters are statistically different (p < 0.05). Control: Commercial bread flour. Purple Wheat (PW): PW1, 100% purple wheat flour; PW2, 75% purple wheat flour + 25% control; PW3, 50% purple wheat flour + 50% control; PW4, 25% purple wheat flour + 75% control. Spelt (SW): SW1, 100% spelt flour; SW2, 75% spelt flour + 25% control; SW3, 50% spelt flour + 50% control; SW4, 25% spelt flour + 75% control. Einkorn (EW): EW1, 100% einkorn flour; EW2, 75% einkorn flour + 25% control; EW3, 50% einkorn flour + 50% control; EW4, 25% einkorn flour + 75% control. SRC, solvent retention capacity. L*, a*, b*: color parameters (lightness, red-green, yellow-blue)





Table 2. The rheological (GlutoPeak, Alveograph, Farinograph) properties of composite flours substituted by three wheat species (Purple, Spelt, Einkorn) whole grain flour
	
	
	AM value
(GPU)
	BEM value 
(GPU)
	PMT value
(s)
	PM  value
(GPU)
	Tenacity
(P) (mm)
	Extensibility
(L) mm
	Energy
(W) 10-4 x J
	Water absorption (%)
	Development
time (min)
	Stability (min)
	Softening
degree (FU)

	Control

	27.0 ± 1.41
	47.5 ± 0.71ab
	72.5 ± 0.71b-e
	41.0 ± 1.41a
	193.7 ± 6.5b-d
	32.3 ± 6.7
	270.3 ± 61.4
	59.8 ± 0.1
	8.8 ± 0.1
	11.8 ± 1.0
	45.5 ± 2.1b

	Purple 
wheat (PW) flour 
	PW1
	28.5 ± 4.95
	45.5 ± 0.71ab
	81.0 ± 2.83b-d
	35.0 ± 0.00bc
	164.0 ±1.0d
	15.0 ± 0.0
	96.50 ± 1.5
	62.5 ± 0.4
	8.4 ± 0.7
	8.1 ± 0.4
	29.5 ± 13.4b

	
	PW2
	24.0 ± 4.24
	44.5 ± 0.71ab
	83.0 ± 4.24bc
	33.5 ± 0.70cd
	176.7 ± 5.1cd
	16.0 ± 1.0
	111.7 ± 4.9
	63.4 ± 1.1
	7.5 ± 0.0
	7.6 ± 0.5
	67.0 ± 18.4ab

	
	PW3
	24.5 ± 2.12
	43.0 ± 1.41bc
	96.5 ± 3.54b
	30.0 ± 0.00d
	170.0 ± 7.6d
	20.0 ± 1.0
	137.7 ± 11.1
	61.5 ± 0.3
	7.4 ± 0.5
	11.9 ± 4.6
	65.0 ± 15.6ab

	
	PW4
	22.5 ± 4.95
	30.0 ± 4.24e
	137.0 ± 16.97a
	25.5 ± 0.71e
	310.0 ± 15.0a
	25.0 ± 3.6
	[bookmark: _Hlk169831849]285.0 ± 62.6
	62.1 ± 0.9
	5.2 ± 1.8
	8.2 ± 0.4
	123.0 ± 28.3a

	
	mean
	25.3B
	42.1B
	94.0A
	33.0B
	202.9A
	21.7
	180.2
	61.8A
	7.4A
	9.5
	66.0

	Spelt
wheat (SW) flour
	SW1
	25.5 ± 3.54
	49.0 ± 0.00ab
	61.0 ± 4.24c-f
	37.5 ± 0.71ab
	162.0 ± 13.8d
	16.0 ± 2.0
	102.7 ± 16.9
	60.5 ± 1.1
	7.6 ± 0.2
	11.2 ± 1.8
	59.0 ± 28.3ab

	
	SW2
	27.0 ± 2.83
	45.5 ± 3.54ab
	52.0 ± 0.00ef
	38.0 ± 0.00ab
	179.0 ± 7.6cd
	19.3 ± 1.2
	134.3 ± 12.4
	60.3 ± 1.6
	6.8 ± 1.6
	12.0 ± 1.2
	42.5 ± 2.1b

	
	SW3
	22.0 ± 1.41
	45.0 ± 0.00ab
	49.5 ± 2.12ef
	37.0 ± 0.00bc
	194.0 ± 5.6b-d
	21.3 ± 2.3
	157.7 ± 23.7
	60.4 ± 0.3
	2.1 ± 0.6
	8.1 ± 0.1
	89.5 ± 9.2ab

	
	SW4
	27.0 ± 8.49
	36.5 ± 2.12c-e
	66.5 ± 13.44c-f
	33.5 ± 0.71cd
	213.3 ± 13.3b
	27.0 ± 2.0
	231.7 ± 28.0
	60.5 ± 0.4
	1.6 ± 0.5
	12.1 ± 4.1
	64.0 ± 24.0ab

	
	mean
	25.70B
	44.7A
	60.3B
	37.4A
	188.4B
	23.2
	179.3
	60.3B
	5.4B
	11.0
	60.1

	Einkorn
wheat (EW) 
flour
	EW1
	28.0 ± 4.24
	50.0 ± 1.41a
	55.5 ± 6.36d-f
	38.0 ± 0.00ab
	173.3 ± 16.5cd
	17.0 ± 2.7
	118.7 ± 26.6
	61.0 ± 1.0
	6.5 ± 0.0
	9.1 ± 1.0
	69.0 ± 7.1ab

	
	EW2
	34.0 ± 0.00
	35.5 ± 0.71de
	80.5 ± 6.36b-d
	34.5 ± 0.71bc
	215.7 ± 21.1b
	20.7 ± 3.1
	156.3 ± 39.7
	61.3 ± 0.1
	4.7 ± 2.3
	7.9 ± 0.9
	73.0 ± 33.9ab

	
	EW3
	36.0 ± 0.00
	37.0 ± 0.00cd
	66.0 ± 2.83c-f
	35.0 ± 0.00bc
	219.3 ± 7.1b
	24.7 ± 0.6
	202.3 ± 5.5
	61.3 ± 0.3
	6.0 ± 0.4
	9.8 ± 0.8
	73.5 ± 0.7ab

	
	EW4
	26.5 ± 0.71
	37.0 ± 1.41cd
	44.0 ± 5.66f
	33.5 ± 2.12cd
	202.3 ± 7.4bc
	27.0 ± 1.7
	217.0 ± 18.0
	60.9 ± 0.2
	4.8 ± 4.2
	10.7 ± 0.4
	68.0 ± 8.5ab

	
	mean
	30.3A
	41.4B
	63.7B
	36.4A
	200.9A
	24.3
	192.9
	60.8B
	6.1AB
	9.8
	65.8

	Substitution rate (%)

	25
	25.3 ± 4.93
	34.5 ± 4.14c
	82.5 ± 44.54a
	30.8 ± 4.26d
	241.9 ± 52.4a
	26.3 ± 2.5b
	244.6 ± 47.1a
	61.1 ± 0.9a
	3.8 ± 2.7c
	10.3 ± 2.6
	85.0 ± 34.1a

	50

	27.5 ± 7.47
	41.7 ± 3.78b 
	70.7 ± 21.44b
	34.0 ± 3.22c
	194.4 ± 22.2b
	22.0 ± 2.5bc
	165.9 ± 31.6b
	61.1 ± 0.6a
	5.1 ± 2.5bc
	9.9 ± 2.7
	76.0 ± 13.8ab

	75

	28.3 ± 5.13
	41.8 ± 5.19b
	71.8 ± 15.78ab
	35.3 ± 2.16bc
	190.4 ± 22.2b
	18.7 ± 2.7cd
	134.1 ± 28.5bc
	61.6 ± 1.7a
	6.3 ± 1.8abc
	9.1 ± 2.3
	60.8 ± 22.5a-c

	100

	27.3 ± 3.61
	48.2 ± 2.23a
	65.8 ± 12.54b
	36.8 ± 1.47b
	166.4 ± 12.0c
	16.0 ± 1.9d
	105.9 ± 18.6c
	61.3 ± 1.1a
	7.5 ± 0.9ab
	9.5 ± 1.7
	52.5 ± 23.3bc


AM, GlutoPeak torque before maximum torque; BEM, GlutoPeak maximum torque; PMT, GlutoPeak peak maximum time; PM, GlutoPeak torque after maximum torque. Within each column, interaction means (Wheat Species × Substitution Rate) shown with different italicized lowercase letters are statistically different (p < 0.05). Overall wheat species means (within each species' "mean" row) shown with different capital letters are statistically different (p < 0.05). Within each column, means for substitution rates (across all wheat species) denoted by different superscript lowercase letters are statistically different (p < 0.05). Control: Commercial bread flour. Purple Wheat (PW): PW1, 100% purple wheat flour; PW2, 75% purple wheat flour + 25% control; PW3, 50% purple wheat flour + 50% control; PW4, 25% purple wheat flour + 75% control. Spelt (SW): SW1, 100% spelt flour; SW2, 75% spelt flour + 25% control; SW3, 50% spelt flour + 50% control; SW4, 25% spelt flour + 75% control. Einkorn (EW): EW1, 100% einkorn flour; EW2, 75% einkorn flour + 25% control; EW3, 50% einkorn flour + 50% control; EW4, 25% einkorn flour + 75% control

Table 3. The volume, textural and sensory properties of breads obtained by the  flours substituted by three wheat species (Purple, Spelt, Einkorn) 
	
	
	
	Textural properties
	Sensory properties
	

	
	
	Bread volume
(mL)
	Hardness
(g) 
	Springiness
(%)
	Resilience
(%)
	Cohesiveness
(%)
	[bookmark: _Hlk173417986]Adhesiveness
(g 𝑥 s)
	Gumminess
(g)
	Chewiness
(g)
	Crust 
color
	Symmetry
	Pore structure
	Taste
	Chewability
	Overall likeability

	Control
	583.5 ± 51.6
	656.5 ± 84.2h
	0.22 ± 0.18
	0.51 ± 0.02a
	0.84 ± 0.02a
	-0.27 ± 0.00a
	549.2 ± 60.7g
	117.0 ± 84.0
	8.67 ± 0.62a
	8.73 ± 0.46
	7.00 ± 1.65
	7.67 ± 0.82
	8.13 ± 1.13
	8.27 ± 0.80a

	Purple
wheat (PW)
flour
	PW1
	420.5 ± 57.3
	4547.1 ± 306.3b
	0.10 ± 0.05
	0.32 ± 0.03g
	0.64 ± 0.03e
	-2.52 ± 0.84b
	2913.1 ± 57.7a
	289.8 ± 132.0
	2.27 ± 0.80g
	5.27 ± 2.49
	3.87 ± 2.03
	3.80 ± 2.01
	4.87 ± 2.03
	3.93 ± 2.12e-f

	
	PW2
	450.5 ± 36.1
	2435.2 ± 223.2de
	0.10 ± 0.05
	0.35 ± 0.01e-g
	0.68 ± 0.01de
	-0.89 ± 0.47a
	1665.1 ± 146.1cd
	170.8 ± 84.5
	3.53 ± 0.64fg
	5.53 ± 2.03
	5.20 ± 1.61
	4.33 ± 1.68
	5.40 ± 1.40
	5.13 ± 1.85c-e

	
	PW3
	525.0 ± 77.8
	1132.9 ± 355.7gh
	0.15 ± 0.10
	0.46 ± 0.05a-c
	0.79 ± 0.05a-c
	-0.44 ± 0.45a
	886.1 ± 237.6fg
	113.7 ± 48.4
	5.40 ± 1.24de
	7.00 ± 1.36
	6.20 ± 1.08
	5.87 ± 1.41
	6.07 ± 1.10
	6.13 ± 1.36bc

	
	PW4
	575.0 ± 49.5
	679.7 ± 201.2h
	0.21 ± 0.18
	0.49 ± 0.03ab
	0.82 ± 0.03ab
	-0.29 ± 0.17a
	553.5 ± 143.9g
	98.6 ± 58.1
	6.80 ± 0.86bc
	7.80 ± 0.68
	6.13 ± 1.51
	6.27 ± 1.75
	6.80 ± 1.47
	7.00 ± 1.07ab

	
	mean
	510.9
	1890.3C
	0.16
	0.43A
	0.75
	-1.01
	1313.4B
	158.0
	5.33C
	6.87
	5.68
	5.59B
	6.25AB
	6.09B

	Spelt
wheat (SW)
flour
	SW1
	377.5 ± 46.0
	5348.6 ± 4.4a
	n.d.
	0.36 ± 0.02e-g
	n.d.
	n.d.
	n.d.
	n.d.
	3.33 ± 1.29fg
	5.00 ± 2.10
	3.33 ± 1.45
	3.60 ± 2.16
	4.27 ± 1.75
	3.20 ± 1.42f

	
	SW2
	417.5 ± 31.8
	3702.1 ± 264.7c
	0.10 ± 0.04
	0.33 ± 0.00fg
	0.67 ± 0.00e
	-2.28 ± 0.84b
	2481.4 ± 172.9b
	237.2 ± 90.9
	4.67 ± 1.45e-f
	5.40 ± 2.10
	5.00 ± 1.73
	4.53 ± 1.60
	4.60 ± 1.24
	4.27 ± 0.88d-f

	
	SW3
	476.0 ± 19.8
	1840.8 ± 214.8ef
	0.10± 0.03
	0.39 ± 0.02d-f
	0.74 ± 0.03cd
	-0.69 ± 0.21a
	1357.7 ± 121.0de
	131.1 ± 37.0
	5.87 ± 1.13c-e
	6.00 ± 1.60
	5.53 ± 1.30
	5.80 ± 1.52
	5.80 ± 1.74
	6.00 ± 1.73b-d

	
	SW4
	542.5 ± 38.9
	1051.3 ± 55.6gh
	0.13 ± 0.06
	0.45 ± 0.03bc
	0.79 ± 0.03a-c
	-0.54 ± 0.00a
	834.0 ± 47.4fg
	109.2 ± 54.0
	6.87 ± 1.13bc
	7.40 ± 1.30
	6.13 ± 1.81
	7.33 ± 1.18
	6.87 ± 1.36
	7.07 ± 0.96ab

	
	mean
	479.4
	2519.9A
	0.14
	0.41B
	0.76
	-1.12
	1044.5C
	148.6
	5.88B
	6.51
	5.40
	5.79B
	5.93B
	5.27C

	Einkorn
wheat (EW)
flour
	EW1
	387.5 ± 31.8
	4841.9 ± 430.8ab
	0.10 ± 0.05
	0.34 ± 0.02fg
	0.66 ± 0.02e
	-1.46 ± 0.74ab
	3201.2 ± 216.6a
	307.6 ± 132.4
	4.53 ± 1.68e-f
	5.73 ± 1.98
	4.13 ± 1.41
	5.53 ± 2.10
	5.87 ± 1.92
	5.67 ± 1.29b-e

	
	EW2
	422.5 ± 24.7
	2691.5 ± 252.2d
	0.11 ± 0.05
	0.40 ± 0.03c-e
	0.74 ± 0.02cd
	-0.56 ± 0.45a
	1974.4 ± 130.7c
	219.0 ± 88.3
	5.07 ± 1.28de
	5.73 ± 1.62
	5.00 ± 1.00
	5.67 ± 1.68
	5.93 ± 1.58
	6.87 ± 0.74a-c

	
	EW3
	507.5 ± 60.1
	1556.6 ± 383.2fg
	0.11 ± 0.05
	0.42 ± 0.01cd
	0.77 ± 0.02bc
	-0.36 ± 0.39a
	1187.5 ± 261.2ef
	122.6 ± 33.8
	6.27 ± 0.96b-d
	7.13 ± 1.06
	6.33 ± 1.50
	6.80 ± 1.01
	7.07 ± 0.96
	7.40 ± 1.12ab

	
	EW4
	567.5 ± 46.0
	742.4 ± 56.1h
	0.18 ± 0.07
	0.49 ± 0.01ab
	0.82 ± 0.01ab
	-0.29 ± 0.29a
	609.0 ± 47.5g
	105.6 ± 37.8
	7.53 ± 0.99ab
	7.67 ± 1.18
	6.60 ± 1.72
	7.00 ± 1.31
	6.67 ± 1.59
	5.80 ± 1.90b-d

	
	mean
	493.7
	2097.8B
	0.14
	0.43A
	0.77
	-0.62
	1504.2A
	174.4
	6.41A
	7.00
	5.81
	6.53A
	6.73A
	6.80A

	Substitution rate (%)

	25
	561.7 ± 38.0a
	824.5 ± 203.8d
	0.17 ± 0.11
	0.47 ± 0.03b
	0.81 ± 0.03a
	-0.34 ± 0.22a
	665.5 ± 151.4c
	104.5 ± 46.1b
	7.07 ± 1.03b
	7.62 ± 1.07b
	6.29 ± 1.66ab
	7.62 ± 1.07b
	6.78 ± 1.44b
	6.62 ± 1.47b

	50
	502.8 ± 50.0ab
	1510.1 ± 423.6c
	0.12 ± 0.06
	0.42 ± 0.04c
	0.77 ± 0.04b
	-0.50 ± 0.33a
	1143.7 ± 281.9b
	122.5 ± 37.1ab
	5.84 ± 1.15c
	6.71 ± 1.42c
	6.02 ± 1.32b
	6.71 ± 1.42c
	6.31 ± 1.40b
	6.51 ± 1.53b

	75
	430.2 ± 29.0bc
	2942.9 ± 613.5b
	0.10 ± 0.04
	0.36 ± 0.04d
	0.70± 0.03c
	-1.24 ± 0.95b
	2040.3 ± 377.0a
	209.0 ± 84.8a
	4.42 ± 1.32d
	5.56 ± 1.89d
	5.07 ± 1.45c
	5.56 ± 1.89d
	5.31 ± 1.49c
	5.42 ± 1.64c

	100
	395.2 ± 41.1c
	4912.5 ± 442.4a
	0.10 ± 0.04
	0.34 ± 0.03d
	0.65 ± 0.03a-c
	-1.99 ± 0.93ab
	2038.1 ± 1514.8a
	298.7 ± 122.7ab
	3.38 ± 1.59e
	5.33 ± 2.17d
	3.78 ± 1.65d
	5.33 ± 2.17d
	5.00 ± 1.98c
	4.27 ± 1.92d


¹Results are corrected to a dry matter basis. Within each column, interaction means (Wheat Species × Substitution Rate) shown with different italicized lowercase letters are statistically different (p < 0.05). Overall wheat species means (within each species' "mean" row) shown with different capital letters are statistically different (p < 0.05). Within each column, means for substitution rates (across all wheat species) denoted by different superscript lowercase letters are statistically different (p < 0.05). Control: Commercial bread flour. Purple Wheat (PW): PW1, 100% purple wheat flour; PW2, 75% purple wheat flour + 25% control; PW3, 50% purple wheat flour + 50% control; PW4, 25% purple wheat flour + 75% control. Spelt (SW): SW1, 100% spelt flour; SW2, 75% spelt flour + 25% control; SW3, 50% spelt flour + 50% control; SW4, 25% spelt flour + 75% control. Einkorn (EW): EW1, 100% einkorn flour; EW2, 75% einkorn flour + 25% control; EW3, 50% einkorn flour + 50% control; EW4, 25% einkorn flour + 75% control. n.d., not determined
 

Table 4. Ash, water activity, dietary fiber and amino acid contents of breads obtained by the  flours substituted by three wheat species (Purple, Spelt, Einkorn)
	
	
	Ash
content1
(%)
	Water 
activity (aw)
	Soluble 
dietary fiber
(%)
	Insoluble 
dietary fiber
(%)
	Histidine
g/100 g
	Arginine
g/100 g
	Threonine
g/100 g
	Methionine
g/100 g
	Valine
g/100 g
	Phenylalanine
g/100 g
	Isoleucine 
g/100 g
	Leucine 
g/100 g
	Lysine 
g/100 g

	Control
	1.821 ± 0.03
	0.907 ± 0.03ab
	3.31 ± 0.63
	[bookmark: _GoBack]0.14 ± 0.16i
	0.316 ± 0.04a
	0.398 ± 0.05a-c
	0.448 ± 0.05a-c
	0.264 ± 0.03a-d
	0.478 ± 0.08
	0.453 ± 0.06a-d
	0.487 ± 0.08
	0.828 ± 0.11
	0.412 ± 0.08

	Purple
wheat 
(PW)
flour
	PW1
	2.840 ± 0.35
	0.921 ± 0.02a
	2.94 ± 0.59
	9.50 ± 0.62b
	0.324 ± 0.07a
	0.512 ± 0.08a
	0.501 ± 0.05a
	0.265 ± 0.07a-d
	0.484 ± 0.10
	0.387 ± 0.09d
	0.426 ± 0.09
	0.757 ± 0.15
	0.535 ± 0.03

	
	PW2
	2.866 ± 0.28
	0.912 ± 0.02ab
	3.33 ± 0.08
	7.74 ± 0.28cd
	0.294 ± 0.04a
	0.406 ± 0.02a-c
	0.416 ± 0.04a-c
	0.242 ± 0.05cd
	0.396 ± 0.01
	0.369 ± 0.04d
	0.446 ± 0.08
	0.693 ± 0.06
	0.422 ± 0.02

	
	PW3
	2.160 ± 0.08
	0.930 ± 0.03a
	4.02 ± 0.40
	4.28 ± 0.30g
	0.218 ± 0.07ab
	0.313 ± 0.13a-c
	0.321 ± 0.11a-c
	0.180 ± 0.06d
	0.315 ± 0.12
	0.289 ± 0.10d
	0.353 ± 0.07
	0.527 ± 0.21
	0.289 ± 0.13

	
	PW4
	2.373 ± 0.19
	0.927 ± 0.01a
	2.65 ± 0.53
	4.64 ± 0.11fg
	0.355 ± 0.06a
	0.492 ± 0.05a
	0.519 ± 0.09a
	0.320 ± 0.09a-d
	0.559 ± 0.13
	0.484  ± 0.10a-d
	0.537 ± 0.12
	0.889 ± 0.19
	0.507 ± 0.05

	
	mean
	2.412
	0.920A
	3.25B
	5.26B
	0.301A
	0.424A
	0.441A
	0.254B
	0.446
	0.396B
	0.450 
	0.739 
	0.433 

	Spelt
wheat (SW)
flour
	SW1
	2.970 ± 0.12
	0.925 ± 0.01a
	1.82 ± 0.11
	11.09 ± 0.58a
	0.270 ± 0.07ab
	0.428 ± 0.08a-c
	0.444 ± 0.07a-c
	0.238 ± 0.09cd
	0.452 ± 0.14
	0.394 ± 0.09d
	0.465 ± 0.05
	0.697 ± 0.18
	0.411 ± 0.07

	
	SW2
	2.547 ± 0.35
	0.889 ± 0.02a-c
	2.53 ± 0.74
	8.76 ± 0.46bc
	0.296 ± 0.05a
	0.427 ± 0.04a-c
	0.455 ± 0.04ab
	0.257 ± 0.00b-d
	0.455 ± 0.07
	0.421 ± 0.05c-d
	0.460 ± 0.06
	0.763 ± 0.08
	0.469 ± 0.05

	
	SW3
	2.703 ± 0.20
	0.886 ± 0.01a-c
	2.95 ± 0.08
	5.83 ± 0.10ef
	0.307 ± 0.04a
	0.442 ± 0.01a-c
	0.482 ± 0.02a
	0.261 ± 0.00a-d
	0.459 ± 0.02
	0.427 ± 0.05b-d
	0.502 ± 0.11
	0.747 ± 0.07
	0.486 ± 0.02

	
	SW4
	2.416 ± 0.06
	0.880 ± 0.00a-c
	4.10 ± 0.25
	3.62 ± 0.20h
	0.271 ± 0.00ab
	0.415 ± 0.09a-c
	0.478 ± 0.03a
	0.261 ± 0.00a-d
	0.440 ± 0.03
	0.451 ± 0.11a-d
	0.462 ± 0.10
	0.706 ± 0.02
	0.375 ± 0.00

	
	mean
	2.491
	0.897B
	2.94B
	5.89A
	0.292A
	0.422A
	0.461A
	0.256B
	0.457
	0.429B
	0.475
	0.748
	0.431

	Einkorn
wheat 
(EW)
flour
	EW1
	3.395 ± 0.05
	0.923 ± 0.01a
	5.83 ± 0.99
	6.52 ± 0.54de
	0.105 ± 0.01b
	0.455 ± 0.01ab
	0.451 ± 0.00a-c
	0.277 ± 0.02a-d
	0.504 ± 0.03
	0.435 ± 0.02b-d
	0.482 ± 0.01
	0.805 ± 0.00
	0.526 ± 0.14

	
	EW2
	3.100 ± 0.04
	0.896 ± 0.01ab
	4.72 ± 1.08
	5.71 ± 0.62e-g
	0.097 ± 0.01b
	0.236 ± 0.01bc
	0.257 ± 0.00bc
	0.434 ± 0.01a-c
	0.385 ± 0.01
	0.706 ± 0.03a
	0.375 ± 0.01
	0.564 ± 0.04
	0.343 ± 0.05

	
	EW3
	2.505 ± 0.03
	0.853 ± 0.01bc
	4.69 ± 0.42
	3.58 ± 0.08h
	0.098 ± 0.01b
	0.225 ± 0.02c
	0.247 ± 0.03c
	0.450 ± 0.07ab
	0.370 ± 0.00
	0.686 ± 0.01ab
	0.372 ± 0.00
	0.526 ± 0.01
	0.335 ± 0.02

	
	EW4
	2.313 ± 0.04
	0.833 ± 0.02c
	1.90 ± 0.21
	7.57 ± 0.38cd
	0.099 ± 0.01b
	0.236 ± 0.00bc
	0.248 ± 0.02bc
	0.458 ± 0.04a
	0.365 ± 0.01
	0.668 ± 0.010a-d
	0.380 ± 0.01
	0.506 ± 0.00
	0.341 ± 0.03

	
	mean
	2.681
	0.882B
	4.09A
	4.70C
	0.183B
	0.310B
	0.330B
	0.404A
	0.420
	0.590A
	0.419
	0.646
	0.391

	
	
	
	Substitution rate (%)
	
	
	
	
	
	

	25
	2.378 ± 0.11b
	0.880 ± 0.04b
	2.88 ± 1.04
	5.28 ± 1.84c
	0.268 ± 0.12ab
	0.381 ± 0.13ab
	0.415 ± 0.14ab
	0.347 ± 0.10
	0.455 ± 0.11
	0.535 ± 0.12a
	0.460 ± 0.10
	0.700 ± 0.19ab
	0.408 ± 0.08

	50
	2.447 ± 0.29b
	0.890 ± 0.04b
	3.89 ± 0.83
	4.56 ± 1.04d
	0.207 ± 0.10c
	0.326 ± 0.11b
	0.350 ± 0.12b
	0.297 ± 0.13
	0.381 ± 0.09
	0.467 ± 0.19ab
	0.409 ± 0.10
	0.600 ± 0.15b
	0.370 ± 0.11

	75
	2.838 ± 0.32a
	0.899 ± 0.02ab
	3.52 ± 1.15
	7.40 ± 1.44b
	0.229 ± 0.11bc
	0.356 ± 0.10b
	0.376 ± 0.10ab
	0.311 ± 0.09
	0.412 ± 0.05
	0.498 ± 0.17ab
	0.427 ± 0.06
	0.673 ± 0.10ab
	0.411 ± 0.07

	100
	3.068 ± 0.31a
	0.923 ± 0.01a
	3.53 ± 1.92
	9.04 ± 2.13a
	0.299 ± 0.05ab
	0.465 ± 0.06a
	0.465 ± 0.05a
	0.260 ± 0.06
	0.480 ± 0.08
	0.405 ± 0.06b
	0.458 ± 0.05
	0.753 ± 0.12ab
	0.491 ± 0.09


¹Results are corrected to a dry matter basis. Within each column, interaction means (Wheat Species × Substitution Rate) shown with different italicized lowercase letters are statistically different (p < 0.05). Overall wheat species means (within each species' "mean" row) shown with different capital letters are statistically different (p < 0.05). Within each column, means for substitution rates (across all wheat species) denoted by different superscript lowercase letters are statistically different (p < 0.05). Control: Commercial bread flour. Purple Wheat (PW): PW1, 100% purple wheat flour; PW2, 75% purple wheat flour + 25% control; PW3, 50% purple wheat flour + 50% control; PW4, 25% purple wheat flour + 75% control. Spelt (SW): SW1, 100% spelt flour; SW2, 75% spelt flour + 25% control; SW3, 50% spelt flour + 50% control; SW4, 25% spelt flour + 75% control. Einkorn (EW): EW1, 100% einkorn flour; EW2, 75% einkorn flour + 25% control; EW3, 50% einkorn flour + 50% control; EW4, 25% einkorn flour + 75% control

