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Photosynthetic pigments such as phycobiliproteins and chlorophyll a are important 
quality indicators of seaweeds. In this study, multivariate nonlinear regression 
(MNLR) models were developed and validated for the rapid determination of 
photosynthetic pigments in Porphyra haitanensis based on colorimetric parameters 
(L*, a*, b*). The contents of phycoerythrin, phycocyanin, allophycocyanin and 
chlorophyll a in P. haitanensis were within 1.499–8.882 mg/g, 1.402–7.634 mg/g, 
0.315–1.623 mg/g, and 0.340–2.160 mg/g, respectively. The L*, a*, and b* values 
were within 13.47–32.97, −1.88 to 2.74, and 0.23–4.61, respectively. This study 
indicated that the pigment contents of P. haitanensis, especially phycoerythrin 
and phycocyanin, could be effectively predicted based on color parameters with 
R2 of 0.901 and 0.701, respectively. The MNLR model also showed that the relative 
errors of phycoerythrin and phycocyanin content prediction were less than 10 and 
20%, respectively. However, the prediction of allophycocyanin and chlorophyll a 
proved to be more challenging and the model showed limited predictive power. 
This discovery may make it easier to employ non-destructive techniques to evaluate 
the phycoerythrin and phycocyanin content of P. haitanensis and other seaweeds, 
which is important for the expanding Porphyra industry as it may enable a rapid 
assessment of Porphyra quality. This finding demonstrates the potential of visual 
analysis for quality assessment of Porphyra, as well as the convenience and non-
destructive nature of the method. Future research should focus on improving 
the model and developing accurate and rapid quality control methods for the 
industrialization and scientific application of Porphyra.
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1 Introduction

Seaweeds are one of the richest resources in the ocean and are currently considered the 
most important marine plant resources with ecological and economic significance (Rengasamy 
et al., 2020). Seaweeds enrich nutrients such as proteins, carbohydrates, fiber, minerals, and 
vitamins, making them a significant dietary source (Rajapakse and Kim, 2011). In addition, 
seaweeds contain numerous bioactive chemicals with health benefits (Sharifuddin et al., 2015). 
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Among them, the major photosynthetic pigments, including 
chlorophyll a (Chla) and phycobiliproteins, are important indicators 
for evaluating the quality of seaweeds, which have various bioactivities 
such as antioxidant, anti-inflammatory, anti-obesity, and anticancer 
activities (Munier et al., 2014).

The red algae Porphyra haitanensis is extensively cultivated along 
the southeast coast of China (Wu et  al., 2020). P. haitanensis can 
be harvested several times from October of one year to the March of 
the next year (Ji et al., 2022). It has been reported that phycobiliproteins 
are abundant in Porphyra (Dumay et  al., 2014). The content of 
photosynthetic pigments in Porphyra varies and is closely related to 
environmental conditions, including temperature, irradiation 
intensity, nitrogen content and harvesting time (Celis-Pla et al., 2022; 
Vahtmae et  al., 2018). With the rapid development of the global 
Porphyra industry, Porphyra has become utilized in various industries, 
such as food, medicine and cosmetics, and has become a key 
component of these industries (Munier et al., 2014). Therefore, finding 
a rapid, accurate and non-destructive method for the determination 
of photosynthetic pigments content in Porphyra is extremely 
important for the quality assessment and rational utilization 
of Porphyra.

Commonly used extraction of photosynthetic pigments are 
solvent extraction techniques such as maceration, ultrasound-assisted 
extraction, enzyme-assisted extraction and microwave extraction 
(Duppeti et al., 2017). Conventional methods for the determination 
of photosynthetic pigments include UV–visible spectrophotometry, 
high-performance liquid chromatography, and liquid 
chromatography-mass spectrometry (Che et  al., 2023). Tan et  al. 
(2020) have proposed a method for the determination of 
phycobiliproteins from Arthrospira sp. using freeze-thawing extraction 
and UV–visible spectrophotometric analysis. Juin et al. (2015) have 
developed the determination of phycobiliproteins from Porphyridium 
purpureum using microwave-assisted extraction and UV–visible 
spectrophotometric analysis. Although these conventional methods, 
which are involved in pigment extraction and chemical measurement, 
are stable and accurate, they are inefficient, environmentally polluting, 
and heavily dependent on laboratory analysis (Che et al., 2023). Thus, 
these conventional methods cannot be  used for nondestructive 
analysis of photosynthetic pigments in seaweeds to assess seaweed 
quality on a large scale.

Color, as an important index for evaluating the quality of 
seaweeds, is closely related to the content of photosynthetic pigments 
(Vázquez-Nion et al., 2013). Phycobiliproteins can be classified as 
phycoerythrin (PE, λmax ~ 565 nm), phycocyanin (PC, λmax ~ 620 nm) 
and allophycocyanin (APC, λmax ~ 650 nm), based on their light-
absorbing properties (Zhao et al., 2019). According to the type and 
number of chromophores, PE, PC, and APC appear scarlet, blue, and 
indigo blue, respectively (Che et al., 2023). The ratio and concentration 
of phycobiliproteins to Chla determine the color of seaweeds 
(Vázquez-Nion et al., 2013). The L*a*b* color as established by the 
Commission International de L’Eclairage (CIELAB) is widely used to 
evaluate color characteristics in the food industry because it covers the 
entire visible spectrum of the human eye (Sant'Anna et al., 2013). For 
the CIELAB color scale, L*, a*, and b* indicate the psychometric index 
of lightness from black to white, from green to red, and from blue to 
yellow, respectively (Sant'Anna et  al., 2013). Vázquez-Nion et  al. 
(2013) correlated colorimetric parameters with Chla, total carotenoids 
and phycobiliprotein content in cyanobacterium to develop a simple 

non-destructive assessment method based on color measurements. 
This method quantifies color and provides a non-invasive quality 
assessment method that can be applied to Porphyra. Furthermore, 
statistical analyses such as principal component analysis (PCA), 
partial least squares regression (PLSR), and multiple linear regression 
(MLR) have been widely used to progressively correlate psychometric 
indices with pigment content in fruits and vegetables (Dos Santos 
et al., 2023). For example, Rigolon et al. (2020) have developed a MLR 
model based on colorimetric parameters (L*, a*, b*, C*, and h*) that 
accurately predicted the content of anthocyanin (R2 = 0.99) in 
blackberry, blueberry and jaboticaba skin. Zeng et  al. (2022) 
established MLR models to predict biliverdin and protoporphyrin 
content in eggshells using the CIELAB color scale. Therefore, these 
studies establish a correlation between color, photosynthetic pigments, 
and quality, which is expected to lead to the development of a 
regression model between colorimetric parameters and photosynthetic 
pigments in Porphyra, laying a scientific foundation for 
seaweed applications.

Based on recent research advances, this study aimed to explore the 
potential of using color characteristics to assess the Porphyra quality. 
This was done by combining colorimetric parameters (L*, a*, and b*) 
with multivariate nonlinear regression (MNLR) models in order to 
predict the photosynthetic pigments (PE, PC, APC, and Chla) content 
of Porphyra from different origins and harvesting times. Through 
detailed analysis and validation, the ultimate goal of this research is to 
develop a rapid, convenient, and non-destructive method to assess the 
quality of Porphyra. This method provides a reliable and rapid quality 
assessment solution for the Porphyra industry, with the potential to 
improve quality control and production efficiency, laying the 
groundwork for wider applications.

2 Materials and methods

2.1 Materials preparation

A total of 110 samples of P. haitanensis were harvested within 
October 2021 and March 2023 from six cities in China (Ningde, 
Xiapu, Dongshan, Quanzhou, Shantou, and Shanghai). Among them, 
samples 1–30 were harvested within October 2021 and March 2022 
from Ningde City (Fujian, China). Samples 31–50 were harvested 
within October 2021 and March 2022 from Xiapu City (Fujian, 
China). Samples 51–70 were harvested within October 2021 and 
March 2022 from Dongshan City (Fujian, China). Samples 71–90 were 
harvested within October 2022 and March 2023 from Xiapu City 
(Fujian, China). Samples 91–95 were obtained within October 2021 
and March 2022 from Quanzhou City (Fujian, China). Samples 
95–100 were obtained within October 2021 and March 2022 from 
Shantou City (Guangdong, China). Samples 101–105 were obtained 
within October 2022 and March 2023 from Shanghai City (China). 
Samples 106–110 were obtained within October 2022 and March 2023 
from Shantou City (Guangdong, China). All of the fresh samples were 
commercially purchased from the local bases or markets, and 
immediately dried at 60 ± 2°C to the water content within 6–8%, 
followed by preservation in freezer before analysis. Among them, 
samples 1–100 were used to develop the model, and the remaining 10 
samples were used for model validation. The specific experimental 
flow was shown in Figure 1.
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2.2 Color assessment

To determine color, all P. haitanensis samples were cut into 
2 cm × 2 cm (length×width) pieces of 5 mm thickness. Colorimetric 
parameters were measured using a WSC-S colorimeter (Shanghai 
Shenguang Instrument Co., Ltd., China). The CIELAB color scale was 
used to measure the L*, a*, and b* values. L*, a*, and b* indicate 
lightness from black (0) to white (100), green (−80) to red (100), and 
blue (−80) to yellow (100), respectively. For each sample, the results 
were expressed as an average of three measurements.

2.3 Determination of photosynthetic 
pigments

To ensure the effective extraction of pigments, the P. haitanensis 
was pulverized into powder using a JP-500C blender (Kefeng 
Instrument Co., Zhengzhou, China), then sieved through a 60 mesh, 
and stored at 4°C in the dark until the extraction of photosynthetic 
pigments. The Chla, PE, PC and APC exhibited λmax values of 
650–700 nm, 565 nm, 620 nm, and 650 nm, respectively (Prabha et al., 
2023). The close proximity of the maximum absorption wavelengths 
of PE, PC, and APC poses a potential challenge to accurate 
determination. To mitigate this issue, specific extraction methods 
were employed to extract the pigments individually prior to analysis.

The Chla was extracted and analyzed according to Ritchie (2006). 
The dry P. haitanensis powder (0.1 g) was mixed with 15 mL of 90% 
acetone solution in the dark at 4°C for 20 min, then centrifuged at 
10,000 rpm for 10 min to obtain the supernatant to determine the 
absorbance at 630 nm. The content of Chla was analyzed using 
Equation 1.

	
( ) 63011.4062 15mg / g

1,000 0.1
AChla × ×

=
× 	

(1)

The phycobiliproteins were extracted according to Niu et  al. 
(2010) with minor modifications. Dry P. haitanensis powder (1 g) was 

mixed with 40 mL of 0.01 M phosphate buffer (pH 6.8) and frozen at 
−20°C for 6 h. Thereafter, the frozen samples were thawed at 30°C for 
20 min until completely thawed (freeze-thawing 1). The freeze–thaw 
process was repeated five times. The thawed sample was centrifuged 
at 8,000 rpm for 30 min to obtain the supernatant. Considering that 
phycobiliproteins can be separated from the extracts using sulfate 
precipitation at varying concentrations of sulfate. Different 
concentrations of ammonium sulfate were utilized to prepare PE, PC, 
and APC individually. The same extract underwent sulfate 
precipitation with gradually increasing concentrations to prepare PE, 
PC, and APC.

The PE was prepared from the extract using the method of Shi 
et al. (2015) with minor modification. In short, the above-mentioned 
supernatant was precipitated with 20% saturated ammonium sulfate 
for 12 h at room temperature (25°C), followed by centrifugation at 
8,000 rpm for 30 min. The resultant supernatant was further 
precipitated with 45% saturated ammonium sulfate for 12 h. The PE 
was obtained by centrifuging at 10,000 rpm for 30 min, and then fully 
dissolved in 0.01 M phosphate buffer (pH 6.8). Finally, the content of 
PE was analyzed using Equation 2.

	
( ) ( )560 617 6500.123 0.068 0.15 A 30

PE mg / g
1

A A× − × + × ×
=

	
(2)

The PC was prepared from the extract using the method of 
Zhao and Tang (2012). The above-mentioned supernatant was 
precipitated with 40% saturated ammonium sulfate for 24 h at room 
temperature (25°C). The PC was obtained via centrifuging at 
8,000 rpm for 30 min. The precipitate was fully dissolved in 0.01 M 
phosphate buffer (pH 6.8). The content of PC was analyzed using 
Equation 3.

	
( ) 6200.1425 30PC mg / g

1
A× ×

=
	

(3)

The APC was prepared according to Zhang et  al. (2011). the 
above-mentioned supernatant was precipitated with 20% saturated 

FIGURE 1

Workflow of rapid determination of photosynthetic pigments in P. haitanensis based on colorimetric parameters.
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ammonium sulfate for 12 h at room temperature (25°C), followed by 
centrifugation at 8,000 rpm for 30 min. The resultant supernatant was 
further precipitated with 35% saturated ammonium sulfate for 12 h. 
APC was obtained by centrifuging at 10,000 rpm for 30 min and was 
fully dissolved in 0.01 M phosphate buffer (pH 6.8). The content of 
APC was analyzed using Equation 4 (Soni et al., 2006).

	
( ) ( )650 6200.19 30

APC mg / g
5.65 1

A A− × ×
=

× 	
(4)

2.4 Multiple non-linear regression model 
development

MNLR model as Equation 5 was used to correlate the 
photosynthetic pigment content in P. haitanensis using the 
colorimetric parameters (Torres-Sánchez et al., 2020).

	

2 2
1 1 2 2 3 3 4 51 2

2
6 7 1 2 8 1 3 9 2 33

iY b b X b X b X b X b X

b X b X X b X X b X X

= + + + + +

+ + + + 	 (5)

Where b0–b9 are fitting constants, X1, X2, and X3 are the variables 
(L*, a*, and b*), Y is the indicator value of photosynthetic pigments 
(Chla, PE, PC, and APC).

2.5 Model performance evaluation

In order to quantify the predictive quality of the models, the 
following metrics were employed: determination coefficient (R2) 
(Carvalho et al., 2020), root mean square error (RMSE) (Carvalho 
et al., 2020), mean absolute percent error (MAPE) (Che et al., 2023) 
and relative error (Er) (Liu et al., 2021). The R2, RMSE, MAPE, and Er 
were analyzed using Equations 6-9 respectively.

	

( )
( )

2
2 1

2
1

1
n

i ii
n

ii

y z
R

y y
=

=

 − = −
 −  

∑
∑ 	

(6)

	

( )21RMSE
n

i ii y z

n
=

−
=
∑

	
(7)

	
( ) 11MAPE % 100

n
i ii y z

n y
=

−
= × ×

∑
	

(8)

	
( )r % 1 100i

i

zE
y

 
= − × 
  	

(9)

Where n means the number of cases, yi means the experimental 
value, zi means the predicted value, y  means the average value of 
experimental values.

2.6 Statistical analysis

Pearson’s correlation coefficient was used to assess the 
relationships between photosynthetic pigment contents and CIELAB 
colorimetric parameters in P. haitanensis followed by t-test, with 
significant correlation set at p < 0.05. IBM SPSS Statistics 20.0 and 
GraphPad Prism 8 were used to perform statistical analyses of the 
data. Residual plot, data normality and heteroscedasticity were tested 
using Shapiro–Wilk test and Breusch-Pagan test by Python, 
respectively.

3 Results and discussion

3.1 Photosynthetic pigment contents of 
Porphyra haitanensis

Table 1 shows the colorimetric parameters and photosynthetic 
pigment contents of the 100 samples at different harvesting times and 
origins. Among the pigments, PE (1.499–8.882 mg/g) had the highest 
content, followed by PC (1.402–7.634 mg/g), Chla (0.363–2.214 mg/g), 
and APC (0.315–1.623 mg/g). The contents of PE, PC, APC, and Chla 
in this study were similar to those of Che et al. (2023) who found that 
the PE, PC, APC, and Chla contents of wild Porphyra samples were 
within the range of 0.939–6.229, 0.589–4.650, 0.294–1.838, and 0.299–
0.845 mg/g, respectively. In addition, the most abundant 
photosynthetic pigment was PE, which is consistent with a study 
reported by Lin and Stekoll (2011). Moreover, PE, PC, APC, and Chla 
values had large variations among P. haitanensis harvested at different 
times and locations (Table  1), which is consistent with previous 
reports that photosynthetic pigment content in Porphyra could 
be varied depending on different growth stage, radiation intensity, 
temperature, carbon source, pH, and NaCl concentration (Assuncao 
et al., 2023).

3.2 Colorimetric parameters of Porphyra 
haitanensis

As shown in Table 1, the lightness value (L*) ranged from 13.47 to 
32.97 CIELAB units, the red and green value (a*) ranged from −1.88 
to 2.74 CIELAB units, and the yellow and blue value (b*) ranged from 
0.23 to 4.61 CIELAB units. Hwang et al. (2013) indicated that the 
colorimetric parameters (L*, a*, and b*) of P. haitanensis are 
37.02 ± 1.38, 0.44 ± 0.11, and 1.47 ± 0.12, respectively. Xu et al. (2021) 
showed the P. haitanensis that were dried with vacuum freeze-drying 
(VFD), hot-air drying (HD), microwave drying (MD) and shade 
drying (SD), had L*, a*, and b* values within the range of 
18.46 ~ 32.93, −0.25 ~ 1.20, and −0.35 ~ 7.22, respectively. In 
comparison, the colorimetric parameters (L*, a*, and b*) measured in 
this study were consistent with those reported by Hwang et al. (2013) 
and Xu et al. (2021). The colorimetric parameter (L*, a*, and b*) values 
varied among the 100 samples (Table  1). The variation could 
be attributed to the growth stage, radiation intensity, temperature, 
carbon source, pH and NaCl concentration, which can affect the 
production of photosynthetic pigments of Porphyra (Assuncao et al., 
2023). Interestingly, this study revealed that the a* and b* values of 
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TABLE 1  P. haitanensis samples used for modeling (total n = 110).

Origin Harvesting time Sample L* a* b* Chla PE PC APC

Ningde 2021.10.25–2021.11.20 1 26.08 0.20 1.28 0.700 8.054 7.532 1.356

2 26.17 0.04 1.32 0.696 8.059 7.596 1.434

3 25.27 −0.12 1.57 0.695 8.068 7.634 1.435

4 27.00 0.00 1.11 0.688 8.074 7.429 1.323

5 27.64 0.14 1.43 0.693 8.034 7.387 1.623

2021.11.21–2021.12.15 6 28.83 0.64 1.87 0.607 5.266 4.298 1.093

7 28.26 0.56 1.93 0.624 5.288 4.243 1.093

8 29.15 0.52 2.07 0.626 5.295 4.243 1.094

9 29.50 0.52 1.45 0.599 5.360 4.337 1.090

10 29.70 0.46 1.67 0.587 5.313 4.324 1.087

2021.12.16–2022.1.6 11 31.63 0.24 2.43 0.452 5.063 3.689 0.513

12 31.81 0.37 2.67 0.455 5.087 3.706 0.514

13 32.54 0.18 2.56 0.460 5.095 3.706 0.518

14 29.66 0.25 2.58 0.465 5.023 3.647 0.509

15 30.74 0.22 2.64 0.447 5.026 3.621 0.508

2022.1.6–2022.1.20 16 26.35 0.46 2.91 0.496 4.315 3.118 1.136

17 26.35 0.49 2.95 0.498 4.327 3.127 1.139

18 26.48 0.52 3.13 0.506 4.339 3.131 1.139

19 26.61 0.51 3.00 0.522 4.267 3.144 1.140

20 27.08 0.45 3.03 0.518 4.213 3.089 1.145

2022.1.21–2022.1.31 21 27.68 0.57 3.31 0.450 5.274 4.609 0.613

22 27.59 0.61 3.27 0.452 5.291 4.614 0.613

23 27.17 0.73 3.56 0.453 5.308 4.639 0.617

24 27.30 0.47 3.41 0.441 5.391 4.720 0.661

25 27.55 0.55 3.49 0.428 5.362 4.677 0.643

2022.2.1–2022.2.10 26 29.19 1.29 4.15 0.421 3.459 2.709 0.379

27 30.74 0.82 3.86 0.426 3.463 2.714 0.379

28 31.48 1.50 3.90 0.426 3.490 2.714 0.380

29 32.11 1.32 4.11 0.419 3.528 2.692 0.381

30 32.97 0.91 4.07 0.416 3.516 2.688 0.377

Xiapu 2021.11.1–2021.11.25 31 24.94 1.79 3.84 0.686 7.969 5.449 0.438

32 26.30 1.53 3.85 0.686 8.015 5.414 0.439

33 26.39 1.37 3.89 0.683 8.018 5.393 0.439

34 25.45 1.49 3.89 0.672 8.058 5.389 0.435

35 24.94 1.58 3.81 0.666 7.963 5.389 0.426

2021.11.26–2021.12.20 36 26.74 1.79 4.04 0.578 4.186 3.157 0.387

37 27.59 1.72 4.14 0.585 4.160 3.148 0.390

38 27.85 1.72 4.18 0.587 4.131 3.140 0.391

39 25.63 1.63 4.07 0.575 4.106 3.131 0.402

40 25.45 1.89 3.91 0.570 4.092 3.114 0.378

2021.12.21–2022.1.15 41 26.30 1.49 4.24 0.488 4.405 2.753 0.408

42 26.39 1.38 4.60 0.477 4.385 2.767 0.410

43 26.42 1.21 4.39 0.489 4.386 2.770 0.410

44 25.68 1.48 4.49 0.510 4.378 2.796 0.402

45 25.22 1.79 4.52 0.476 4.315 2.753 0.404

2022.1.16–2022.2.10 46 30.17 1.75 4.52 0.368 3.710 2.465 0.375

47 31.71 2.39 4.53 0.373 3.645 2.482 0.379

48 31.00 2.74 4.61 0.376 3.609 2.485 0.380

49 31.41 2.23 4.32 0.366 3.620 2.408 0.368

50 32.57 1.83 4.26 0.363 3.616 2.243 0.315

(Continued)
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TABLE 1  (Continued)

Origin Harvesting time Sample L* a* b* Chla PE PC APC

Dongshan 2021.10.25–2021.11.20 51 24.56 0.89 1.67 1.425 7.336 5.681 1.369

52 24.58 0.72 1.61 1.423 7.338 5.699 1.446

53 22.01 0.74 1.60 1.367 7.304 5.741 1.401

54 22.06 0.79 1.73 1.335 7.252 6.177 1.281

55 21.11 0.74 1.87 1.341 7.214 6.242 1.355

2021.11.21–2021.12.15 56 22.83 −0.56 2.09 1.189 6.424 4.172 1.220

57 22.81 −0.73 2.18 1.186 6.355 4.271 1.172

58 19.56 −0.83 2.19 1.107 6.318 4.237 1.161

59 20.60 −1.19 2.19 1.054 6.298 4.279 1.178

60 20.45 −0.46 1.95 0.929 6.276 4.446 1.152

2021.12.16–2022.1.5 61 15.94 −1.53 2.15 0.633 3.116 2.142 0.575

62 15.94 −1.48 2.15 0.816 3.268 2.155 0.584

63 15.98 −1.56 2.64 0.801 3.228 2.159 0.565

64 15.98 −1.88 2.59 0.770 3.333 2.368 0.577

65 14.76 −1.69 2.79 0.621 3.399 2.373 0.579

2022.1.5–2022.1.25 66 16.78 −1.32 2.31 1.362 3.492 2.261 0.485

67 16.81 −1.45 2.39 1.355 3.669 2.338 0.495

68 14.76 −1.32 2.43 1.341 3.641 2.287 0.482

69 14.76 −1.35 2.52 1.324 3.378 2.249 0.504

70 15.33 −1.38 2.35 1.312 3.421 2.210 0.504

Xiapu 2022.10.25–2022.11.20 71 21.02 −0.99 1.56 1.938 8.882 4.908 1.378

72 20.05 −1.08 1.18 1.885 8.802 4.895 1.395

73 22.20 −0.66 1.25 1.800 8.792 4.882 1.400

74 19.66 −1.01 1.26 1.798 8.810 4.916 1.438

75 19.64 −0.95 1.20 1.771 8.788 4.835 1.490

2022.11.21–2022.12.20 76 19.27 −0.37 1.54 2.214 7.439 6.656 0.941

77 20.58 −0.29 1.62 2.197 7.447 6.737 0.973

78 19.38 −0.39 1.59 2.197 7.203 6.699 0.965

79 23.01 −0.28 1.71 2.175 7.112 6.276 0.966

80 22.99 −0.30 1.76 2.144 6.987 6.233 0.969

2022.12.21–2023.1.15 81 20.55 1.08 0.78 1.124 5.855 5.451 0.863

82 20.55 0.95 1.04 1.090 5.875 5.502 0.891

83 20.99 0.93 1.38 1.080 5.816 5.463 0.919

84 20.99 0.67 0.90 1.064 5.771 5.382 0.884

85 18.68 1.03 0.85 1.059 5.654 5.489 0.932

2023.1.16–2023.2.10 86 18.68 −1.07 2.57 1.718 4.751 4.532 1.063

87 20.05 −1.11 2.76 1.687 4.596 4.647 1.103

88 20.07 −0.73 2.50 1.661 4.637 4.604 1.106

89 22.77 −0.69 2.12 1.656 4.767 4.172 1.334

90 17.55 −1.19 2.65 1.651 4.676 4.266 1.382

Quanzhou 2021.10–2022.2 91 17.53 0.38 2.32 1.177 3.171 3.587 0.463

92 16.87 0.12 2.64 1.175 3.243 3.595 0.487

93 19.00 0.28 2.37 1.139 3.187 3.621 0.486

94 18.57 0.20 2.62 1.122 3.326 3.638 0.517

95 18.68 0.10 2.56 1.114 3.410 3.694 0.519

(Continued)
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P. haitanensis that was harvested at the same place, had upward trends 
with the increasing harvesting time, which has not been reported in 
previous studies, indicating a potential approach to evaluate the 
harvesting time of P. haitanensis that are harvested at the same place.

3.3 Correlation between colorimetric 
parameters and photosynthetic pigments

Pearson’s correlation coefficients were calculated to objectively 
assess the correlations among CIELAB colorimetric parameters and 
photosynthetic pigment contents (Table  2). The colorimetric 
parameters (L*, a*, and b*) were negatively correlated with the 
contents of photosynthetic pigments (Chla, PE, PC, and APC). Among 
them, all L*, a*, and b* values strongly correlated with Chla content. 
In particular, the b* value was negatively correlated with the content 
of each photosynthetic pigment. The correlation coefficients of b* for 
Chla, PE, PC, and APC were −0.573, −0.252, −0.367, and −0.596, 
respectively. Pearson’s correlation coefficients also indicated that the 
increase in photosynthetic pigment content led to a decrease in 
colorimetric parameters. Vázquez-Nion et al. (2013) found that the 
pigment contents in cyanobacteria were strongly correlated with 
colorimetric parameters, and that an increase in pigment contents led 
to a significant decrease in L* and a* values and an increase in the 
b*value. Sanmartín et al. (2015) have reported that the Chla, PC and 
APC contents in Nostoc sp. were positively correlated with b*, while 
L* and a* values were negatively correlated with Chla, PE, PC, and 
APC. In comparison, this study indicated that the photosynthetic 
pigments (Chla, PE, PC, and APC) of P. haitanensis were correlated 
with colorimetric parameters, similar to previous studies (Sanmartín 
et  al., 2015; Vázquez-Nion et  al., 2013). However, the correlation 
trends in this study were different from those of cyanobacteria 
(Sanmartín et  al., 2015; Vázquez-Nion et  al., 2013), which might 
be  ascribed to that P. haitanensis phycobiliproteins and Chla 
concentrations were different from those of other seaweeds.

3.4 Establishment of MNLR models 
between colorimetric parameters and 
photosynthetic pigments

For MNLR analysis, the contents of photosynthetic pigments 
(Chla, PE, PC, and APC) and colorimetric parameters (L*, a*, and b*) 
were used as the dependent and independent variables, respectively. 
As shown in residual plots (Supplementary material), the modeling 
data of Chla and APC did not conform to normal distribution. 
However, the modeling data of PE and PC conformed to normal 
distribution and the residuals of the model were randomly distributed 

TABLE 1  (Continued)

Origin Harvesting time Sample L* a* b* Chla PE PC APC

Shantou 2021.10–2022.2 96 15.61 0.65 0.50 0.915 1.499 1.406 0.441

97 13.47 1.55 0.49 0.891 1.508 1.402 0.448

98 13.47 1.59 0.31 0.864 1.522 1.419 0.449

99 16.72 0.61 1.40 0.845 1.561 1.436 0.453

100 18.73 0.41 0.54 0.835 1.539 1.436 0.469

Shanghai 2022.10–2023.3 101 15.52 0.19 0.23 0.510 3.523 1.965 0.620

102 15.52 0.18 0.32 0.500 3.489 1.960 0.619

103 15.32 −0.20 1.30 0.494 3.485 1.960 0.613

104 15.33 0.02 1.00 0.489 3.468 1.960 0.611

105 14.88 −0.40 1.70 0.486 3.395 1.950 0.610

Shantou 2022.10–2023.3 106 14.96 0.23 0.56 0.402 2.742 1.776 1.095

107 14.88 0.17 0.65 0.394 2.713 1.761 1.043

108 14.88 0.14 0.67 0.392 2.701 1.761 1.007

109 14.34 −0.51 1.87 0.392 2.676 1.736 0.991

110 14.47 −0.43 1.77 0.366 2.679 1.721 0.920

Chla, Chlorophyll a; PE, phycoerythrin; PC, phycocyanin; APC, allophycocyanin.

TABLE 3  The test for normality and heteroscedasticity in the modeling 
data for the pigment of P. haitanensis.

Pigment p-value

Normality Homoscedasticity

Chla 0.002 0.001

PE 0.051 0.282

PC 0.070 0.100

APC 0.693 0.012

Chla, Chlorophyll a; PE, phycoerythrin; PC, phycocyanin; APC, allophycocyanin.

TABLE 2  Pearson’s correlation coefficient among CIELAB colorimetric 
parameters and photosynthetic pigment contents of P. haitanensis.

Colorimetric 
parameters

Chla PE PC APC

L* −0.675** 0.144 0.096 −0.117

a* −0.615** −0.123 −0.090 −0.422**

b* −0.573** −0.252* −0.367** −0.596**

Chla, Chlorophyll a; PE, phycoerythrin; PC, phycocyanin; APC, allophycocyanin; “*” means 
the correlations are significant (p < 0.05); “**” means the correlations are significant 
(p < 0.01).
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TABLE 4  The multiple non-linear regression (MNLR) models between the color space and pigment of P. haitanensis.

Pigment Model R2 RMSE (mg/g) MAPE (%)

Chla Y1 = 2.316 + 0.023×1-0.683×2-0.558×3-0.003×1
2-0.011×2

2-0.094×3
2-

0.004X1X2 + 0.031X1X3 + 0.297X2X3 + 0.002X1X2X3

0.703 0.270 22.10

PE Y2 = −18.821 + 2.139×1-9.092×2-0.355×3-0.042×1
2 + 0.235×2

2-0.204×3
2 + 0.309X1X2-

0.004X1X3 + 2.886X2X3–0.092X1X2X3

0.644 1.127 18.60

PC Y3 = −21.360 + 2.020×1 + 1.295×2 + 2.840×3-0.035×1
2-0.317×2

2-0.117×3
2-0.074X1X2-

0.138X1X3–1.090X2X3 + 0.059X1X2X3

0.644 0.929 19.19

APC Y4 = −6.356 + 0.611×1 + 0.191×2 + 0.272×3-0.012×1
2-0.060×2

2-0.057×3
2-0.014X1X2-

0.011X1X3–0.422X2X3 + 0.018X1X2X3

0.823 0.162 18.64

Chla, Chlorophyll a; PE, phycoerythrin; PC, phycocyanin; APC, allophycocyanin; R2, determination coefficient; RMSE, root mean square error; MAPE, mean absolute percent error; Y1: Chla; 
Y2: PE; Y3: PC; Y4: APC; X1: L*; X2: a*; X3: b*.

near the zero line without obvious patterns or trends, indicating a 
better model fit. Shapiro–Wilk test and Breusch-Pagan test were used 
to check the normality and homoscedasticity of residuals (Table 3), 
the modeling data of PE and PC conforming to normal distribution 
and no heteroscedasticity in the variances, but Chla and APC showed 
the opposite results.

As shown in Table 4, the MNLR models had R2 values of 0.644, 
0.644, 0.823, and 0.717 for PE, PC, APC, and Chla, respectively. The 
RMSE values were 1.127, 0.929, 0.162, and 0.272 mg/g for PE, PC, 
APC, and Chla, respectively. The MAPE values were 18.60, 19.19, 
18.64, and 22.10% for PE, PC, APC, and Chla, respectively. The 
higher the R2 value and the lower the RMSE and MAPE values of the 
model, the better the model fit and the more accurate the prediction 
(Gu et al., 2022). According to professional evaluation standards, the 
model can predict photosynthetic pigments from various sources 
with high accuracy when the MAPE value is less than 10%; the model 
has good accuracy when the MAPE value is within the range of 
10–20%; the model has reasonable predictions when the MAPE value 
is within the range of 20–50%; the model has bad predictions when 
the MAPE value is above 50% (Meade, 1983). Therefore, the models 
of PE, PC and APC might have the desirable fit, according to the 
MAPE values within the range of 10–20%; while the Chla model has 
a low accuracy for predicting Chla content due to MAPE value 
over 20%.

3.5 Validation of MNLR models

Ten samples in Table 1 were used to validate the MNLR models 
for estimating Chla, PE, PC and APC contents of P. haitanensis based 
on colorimetric parameters (L*, a*, and b*). Figure  2 shows the 
deviations between the measured and predicted values based on the 
fitted models for Chla, PE, PC, and APC. For PE, the R2, RMSE and 
MAPE were 0.901, 0.136 mg/g and 0.48%, respectively. For PC, the 
R2, RMSE and MAPE were 0.595, 0.075 mg/g and 0.06%, respectively. 
For APC, the R2, RMSE and MAPE were 0.823, 0.162 mg/g and 
18.64%, respectively. Although the R2 for APC was greater than 0.8, 
the MAPE was higher than 10%, indicating a large difference between 
the predicted and measured values. For Chla, the R2 was 0.145, 
indicating insufficient prediction. In addition, the MNLR models of 
PE and PC showed a prediction error of less than 20% (Table 5), 
indicating a high prediction accuracy. In contrast, the MNLR models 

of APC and Chla had prediction errors of over 50% (Table  5), 
indicating unsatisfactory prediction.

In previous studies, Vázquez-Nion et al. (2013) developed linear 
regression equations to predict Chla and total carotenoid content 
based on CIELAB color parameters. Zeng et al. (2022) established 
multivariate linear equations to predict biliverdin and protoporphyrin 
content in eggshells using the CIELAB color scale. Gila et al. (2023) 
developed a simple colorimetric method with MLR model for the fast 
and accurate estimation of carotenoid and Chla contents in virgin 
olive oils. Furthermore, spectroscopic techniques have also been used 
to determine pigment content. For example, Che et  al. (2023) 
developed prediction models for analyzing PE, PC, APC, and Chla 
contents in P. yezoensis based on hyperspectral imaging technology 
using PLSR analysis. Duppeti et al. (2017) proposed a quantitative 
analysis of chlorophyll a and total carotenoids from Chlorella vulgaris, 
Nostoc muscorum and their mixed culture via diffuse reflectance 
spectroscopy. Falcioni et al. (2022) used multivariate and machine 
learning algorithms based on attenuated total reflectance Fourier 
transform infrared spectroscopy to predict the pigments in Lettuce.

In this study, MNLR models were developed to predict both PE 
and PC contents with satisfactory stability and accuracy based on 
colorimetric parameter analysis (Figure 2), indicating that the two 
phycobiliproteins might be detected via nondestructive measurement 
of the colorimetric parameters. Compared with spectroscopic 
techniques and traditional chemical analysis methods, the prediction 
of phycobiliproteins in P. haitanensis based on the determination of 
colorimetric parameters has various advantages, including low cost, 
simple operation, non-destructive manner and fast results. In 
addition, the present study provides new insights distinct from 
previous studies that focused solely on predicting carotenoid and 
Chla contents using colorimetric parameters. Consequently, these 
findings facilitate the development of novel approaches for 
nondestructive evaluation of P. haitanensis quality as well as 
other seaweeds.

The main pigments in red algae are PE and PC, which exhibit 
high variability depending on the different growth environments 
and harvesting stages (Che et  al., 2023). PE is a rare 
macromolecular pigment-protein complex that spontaneously 
emits orange fluorescence. It possesses potential functions such as 
anti-allergy, immunomodulatory, regulation of intestinal 
microbiota, and induction of apoptosis in cancer cells (Li et al., 
2022). As the second most abundant pigment in phycobiliproteins, 
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PC has been extensively utilized as an active ingredient in food 
additives, health foods, pharmaceuticals, and cosmetics, owing to 
its ability to enhance human immunity and promote animal blood 
cell regeneration (Yu et al., 2017). Therefore, this study presents 
MNLR models for the rapid, simple, and nondestructive analysis 
of PE and PC contents in P. haitanensis. These models may 

contribute to the evaluation of bioactive quality not only for 
P. haitanensis but also for other seaweeds and their products using 
nondestructive approaches.

3.6 Future research directions and study 
limitations

Limitations of this study include the relatively small sample size (100 
modeling samples, 10 validation samples), which may affect the 
generalization of the model and lead to a decrease in model stability. 
Based on the residual analysis, it was found that the MNLR models using 
colorimetric parameters (L*, a*, b*) are not applicable to predict Chla 
and APC. In addition, this technique relies primarily on color features, 
which may overlook other important visual or non-visual features.

Future research directions should continue to explore the modeling 
of Chla and APC. Machine learning techniques such as Random 
Forest, Support Vector Regression, LASSO Regression, and Elastic Net 
Regression combined with colorimetric parameters (L*, a*, and b*) 
were used to establish mathematical models for predicting the content 
of Chla and APC. In addition, investigating the effects of environmental 
factors such as temperature, nitrogen content, and carbon dioxide 
concentration on the photosynthetic pigment content of Porphyra can 
improve the accuracy of prediction models. Combining specific 
environmental conditions with colorimetric parameters can provide a 
more comprehensive understanding of the quality characteristics of 

FIGURE 2

Predicted vs. measured values of (A) Chla, (B) PE, (C) PC, and (D) APC of P. haitanensis. Scatter diagrams and residual analysis plots of reference value 
vs. the predicted value of PE, PC, APC, and Chla contents in field samples using the MNLR models. R2: determination coefficient; RMSE: root mean 
square error; MAPE: mean absolute percent error.

TABLE 5  Relative error for MNLR models of P. haitanensis between the 
predicted values and experimental values.

Sample Er (%)

Chla PE PC APC

1 252.52 1.88 7.59 60.81

2 259.69 0.50 4.57 59.97

3 259.29 7.62 13.09 56.51

4 263.20 0.07 6.18 61.80

5 243.99 3.95 5.45 67.19

6 340.07 1.29 14.96 89.58

7 355.99 3.50 15.01 90.09

8 361.43 7.44 14.24 89.31

9 310.12 1.43 0.31 90.10

10 349.28 6.56 3.49 87.99

Chla, Chlorophyll a; PE, phycoerythrin; PC, phycocyanin; APC, allophycocyanin; Er, relative 
error.
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Porphyra and provide a basis for the culture, application and promotion 
of Porphyra, as well as a promising avenue of research.

4 Conclusion

This study investigated the photosynthetic pigment content and 
color of P. haitanensis from different harvesting times and origins. 
The contents of PE, PC, APC, and Chla in P. haitanensis were 1.499–
8.882 mg/g, 1.402–7.634 mg/g, 0.315–1.623 mg/g, and 0.340–
2.160 mg/g, respectively. The L*, a*, and b* values were 13.47–32.97, 
−1.88 to 2.74 and 0.23–4.61, respectively. The MNLR models based 
on colorimetric parameters were shown to accurately predict the 
contents of PE and PC with relative errors of less than 10 and 20%, 
respectively. MNLR models were successfully developed and 
validated for the first time for non-destructive analysis of PE and PC 
of P. haitanensis based on colorimetric parameters. Future research 
should focus on improving the model and developing accurate and 
rapid quality control methods for the industrialization and scientific 
application of Porphyra.
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Nomenclature

Abbreviations

MNLR - Multivariate nonlinear regression

Chla - Chlorophyll a

PE - Phycoerythrin

PC - Phycocyanin

APC - Allophycocyanin

R2 - Determination coefficient

RMSE - Root mean square error

MAPE - Mean absolute percent error

Er - Relative error

Symbols

X1 - L*

X2 - a*

X3 - b*

bi - The fitting constant of particle i

Y1 - The content of chlorophyll a

Y2 - The content of phycoerythrin

Y3 - The content of phycocyanin

Y4 - The content of allophycocyanin

n - The number of cases

yi - The experimental value of particle i

zi - The predicted value of particle i

y  - The average value of experimental values
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