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1. Introduction 
Sugarcane (Saccharum spp.) belongs to the Poaceae family, originated from a tropical climate. 

Brazil leads the ranking of world production of sugarcane, harvesting a total of 642 million tons 

estimated in 2020/2021 crop season. The state of São Paulo is the largest producer of sugarcane, 

with an estimated harvest of 335 million tons in 2020/2021 (Conab, 2020). Brown sugar is 

produced by small and medium-sized properties for the purpose of own consumption or for 
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Abstract 

The purpose of this study was to characterize and identify the dissimilarity between sugarcane genotypes through 

technological and agronomic traits, in three harvest periods for brown sugar production. A randomized complete block 

design with four replications, using a split-plot treatment layout was used (IACSP 93-3046, RB 96-6928, IACSP 95-

5094, IACSP 97-4039, SP 81-3250, IACSP 95-5000, RB 86-7515, IACSP 96-3060, IACSP 04-704, IACSP 04-656) 

and three harvest periods (15, 17 and 19 months of cultivation) with four replications. Technological traits related to 

quality parameters and agronomic traits related to the productive aspect were evaluated. According to the results, all 

genotypes showed a better response in the second harvest. The qualitative variables the apparent sucrose in sugarcane, 

total recoverable sugars and soluble solids in sugarcane showed differences between genotypes and seasons and are the 

ones that most contribute to the genetic divergence of brown sugar. For the production of dark colored sugar, the RB96-

6928 genotype is recommended among all those evaluated, in the three growing seasons. As for the production of light-

colored brown sugar, the cultivation of the genotypes IACSP 04-656 and IACSP95-5094 in season 1, the IACSP 97-

4039 in season 2 and the IACSP95-5094 in season 3 is recommended.  

 
Keywords: Multivariate Analysis; Clustering; Principal Components; Quality; Saccharum spp. 

mailto:darleilambrecht@gmail.com
http://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0001-6080-4930
https://orcid.org/0000-0003-0761-4200
https://orcid.org/0000-0003-4253-2497
https://orcid.org/0000-0002-7905-2166
https://orcid.org/0000-0002-0241-9636
https://orcid.org/0000-0001-8574-1489
https://orcid.org/0000-0002-1376-3504
https://orcid.org/0000-0002-0112-9311
https://orcid.org/0000-0003-0489-9554


60 Brazilian Journal of Biometrics  

commercialization in a homemade way by the evaporation and concentration of the cane juice, 

thus forming the raw sugar (Jeronimo, 2020). 

Characterized as a healthy food with nutritional value, higher than other industrially produced 

sugar, brown sugar is catching the attention of consumers who search for higher nutritional quality 

food (Asiskin et al., 2016). It has higher concentrations of minerals, vitamins, and proteins, 

besides several positive effects like the strengthening of the immune system, cytoprotectors, 

anticancer properties, and reduces the occurrence of diabetes and hypertension (Santos et al., 

2018) and presenting antioxidant properties (Nayaka et al., 2009; Okabe et al., 2009). 

Due to the economic and social importance of brown sugar, studies are needed indicating 

genotypes and the growing period, with the most favorable harvesting moment to obtain higher 

productivity and quality of brown sugar (Silva et al., 2014). For this purpose, multivariate analysis 

techniques are useful to assist in decision making in genetic improvement research, selection and 

indication of genotypes for a given cultivation and production condition, reducing labor and 

financial resources, without losing the experimental precision and reliability of the results. 

 To study the genetic variability structure among the genotypes, one option is performing the 

cluster analysis based on the estimates of the genetic dissimilarity among them and also to use 

principal component analysis to visualize how the genotypes group to each other and to identify 

the traits that most and least contribute to this behavior (Cruz et al., 2012). 

Considering the economic and social importance of sugarcane in Brazil, and the increase in 

brown sugar consumption, studies that elucidate the production capacity, the quality of the sugar 

of the genotypes and the influence of the harvest time on the brown sugar production and mainly 

the genetic divergence between genotypes is welcome. Some authors, such as Ftwi et al. (2016) 

and Nardino et al. (2017) used multivariate analysis techniques as cluster analysis and principal 

component analysis to study the divergence between sugarcane genotypes, but not aimed at brown 

sugar production. 

In this context, the objective was to characterize and quantify the dissimilarity between 

sugarcane genotypes based on technological and agronomic traits, study the relationships among 

the traits, and prospect promissory genotypes for brown sugar production across three harvest 

periods. 

 

2. Materials and Methods 
 

2.1 Conditions for cultivation and preparation of the study area 

The experiment was carried out in the city of Jaú - São Paulo, Brazil, located at 22º17'S and 

48º 34'W with 580 meters of altitude. Based on the Köppen’s classification, the climate in this 

region, is Aw-dry type (Alvares et al., 2013), temperature annual average of 21.6 ºC, annual 

rainfall average of 1.344 mm. Fertilization throughout the experiment followed soil analysis, with 

applications according to the technical recommendations for the crop. The planting was carried 

out in the first fortnight of April 2013, with planting carried out in furrows, was planted in the 

rows at a density of 18 buds per meter. 

 

2.2 Experimental design 

A randomized block design with four replications, using a split-plot treatment layout was 

used. The study consisted of ten sugarcane genotypes (allocated at the whole-plots), characterized 

in Table 1, with their parents, origin, maturation group, and acreage. Three harvests, name Season 

1, Season 2 and Season 3 were proceeded, respectively, at 15, 17 and 19 months after planting. 

The experimental plot was composed of five 8 m length cropping rows spaced by 1.5 m, making 

a total useful area of 60 m2 (2.400 m² of area experimental). 
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Table 1. Classification according to the maturation group of genotypes and their progenitors 

Genotype Code Maturation group Origin 

Acreage in 
crop 

2017/2018 
in Brasil % 

Acreage in 
crop 

2018/2019 in 
state of SP % 

Parents 

IACSP04-656 G1 WI IAC WI WI IACSP93-3046 SP77-5181 

IACSP04-704 G2 WI IAC WI WI IACSP95-3028 SP77-5181 

IACSP93-3046 G3 Medium/Late IAC WI WI SP79-1011 WI 

IACSP95-5000 G4 WI IAC WI 1.8 SP84-2066 SP80-185 

IACSP95-5094 G5 Medium IAC WI WI SP80-3280 WI 

IACSP96-3060 G6 Medium/Late IAC WI WI SP82-6108 WI 

IACSP97-4039 G7 Early IAC WI WI RB835486 RB855453 

RB867515 G8 Medium/Late RIDESA 26 18.3 RB72454 WI 

RB966928 G9 Early RIDESA 9.2 15.1 RB855156 RB815690 

SP81-3250 G10 Medium COPERSUCAR 5.7 2.1 CP70-1547 SP71-1279 

*WI: Without information; IAC: Campinas Agronomic Institute, RIDESA: Interuniversity Network for the Development 
of the Sugar and Energy Sector, SP: Copersucar. 

 

2.3 Measured traits 

In each sub-plot (harvest period), a random sample of 62 stems was collected. This sample 

was split up into two subsamples. One, containing 12 stems was used to measure the biometric 

traits related to sugarcane and the other sub-sample, with 50 stems, used to measure broth- and 

sugar-related traits (Table 2). From the total volume of broth extracted from the 50 stems, eight 

liters were destined for the production of brown sugar, using an open aluminum pan, at 

atmospheric pressure, on a high-pressure semi-industrial gas stove. The temperature throughout 

the process was 95 ± 5ºC. At the end of the broth cooking process, the temperature was raised to 

115ºC, it is removed from the fire at the moment called brown sugar obtaining, then the beating 

process was carried out to form brown sugar. These followed the information in the Manual for 

the Manufacture of Brown Sugar, Melado and Rapadura (Embrapa, 2014). For each day of 

analysis, four cultivars were analyzed, therefore, four batches of brown sugar were produced, each 

batch was produced from eight liters of broth. Each season was analyzed for 10 days and in total 

40 lots of brown sugar were produced. In all, 120 lots of brown sugar were produced. 

 
Table 2. Classification according to the maturation group of genotypes and their progenitors 

Code Description Unit 

Sugarcane-related traits 

SH stem height cm 
IN internodes number n 
ASM average stem mass kg 
ASC apparent sucrose in sugarcane (pol cane) % 
TSSC total soluble solids in sugarcane (ºbrix cane) % 
CF cane fiber % 
P purity % 
TRS total recoverable sugars kg ton-1 

Broth-related traits 

VB volume of the broth L 
ASB apparent sucrose of the broth (pol broth) % 
TSSB total soluble solids of the broth (ºbrix cane) % 

Sugar-related traits 

L* Brightness 0-100 
a* Red/Green value ratio 
b* Blue/Yellow value ratio 
Chroma Chroma Hue angle 
BSTS brown sugar per tone of sugarcane kg 
BS100 mass of brown sugar obtained in 100 liters of broth kg 
ASS apparent sucrose of the sugar (pol sugar) % 

 

The soluble solids content was measured in automatic bench refractometer, brand Reichert, 

model I300 and the readings were carried out in Polarimeter, brand Anton Paar, model MCP 200. 
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Purity and fiber content were determined according to the CONSECANA manual (Consecana, 

2006). The total soluble solids were measured using a refractometer.  

The sugar samples were analyzed for instrumental color, using Minolta portable colorimeter, 

model CR400, scale CIELAB. The device measures the coordinates L*, which represents the 

brightness on a scale of zero (black) a hundred (White); a*, which represents a scale of shades of 

red (0+a) to green (0-a); and b* which represents a scale of shades of yellow (0+b) the blue one 

(0-b). The Chroma trait (Hue angle) was measured by converting the values of a* and b* obtained, 

through this occurs the definition of color intensity, (0) in the center and increases according to 

the distance. 

 

2.4 Statistical analysis 
To test the effect of genotypes, seasons and their interactions in the measured traits, each trait was 

analyzed using the following linear mixed-effect model eq. 1: 

𝑦𝑖𝑗𝑘 = 𝜇 + 𝛽𝑘 + 𝛼𝑖 + 𝜀𝑖(𝑘)
𝑤 + 𝜏𝑗 + (𝛼𝜏)𝑖𝑗 + 𝜀𝑗(𝑘𝑖)

𝑠                                  (1) 

where 𝑦𝑖𝑗𝑘 is the response trait observed in the k the block of the j the harvest (subplot) of the i the 

genotype (whole plot), 𝜇 is the grand mean, 𝛽𝑘 is the effect of the k the block assumed to be random 

with 𝛽𝑘 𝑖. 𝑖. 𝑑~𝑁(0, 𝜎𝛽
2), 𝛼𝑖 is the effect of the i the genotype (fixed effect), 𝜀𝑖(𝑘)

𝑤 is the whole-plot 

random error 𝜀𝑖(𝑘)
𝑤  𝑖. 𝑖. 𝑑~𝑁(0, 𝜀𝑤

2 ), 𝜏𝑗 is the effect of the j the harvest (fixed effect), (𝛼𝜏)𝑖𝑗 is the 

interaction effect between the i the genotype and j the harvest (fixed effect), and 𝜀𝑗(𝑘𝑖)
𝑠  is the effect 

of split-plots and random noises 𝜀𝑗(𝑘𝑖)
𝑠  𝑖. 𝑖. 𝑑~𝑁(0, 𝜀𝑠

2). The significance of fixed effects was tested by 

the Kenward-Roger’s F test (Kenward & Roger, 1997). These procedures were carried out using the R 

packages lmer (Bates et al., 2015) and lmerTest (Kuznetsova et al., 2017) 

For each growing season, a two-way table (genotypes in rows and traits in columns) was created using 

the scaled marginal estimates of the above-mentioned mixed-effect model. This table was further used in 

a principal component analysis (PCA) using the correlation matrix to explore the relationships among 

traits, the contribution of each one of them in the total variance as well as the magnitude of these traits 

concerning the genotypes. Biplots (Gabriel, 1971) were confectioned with the factoextra R package 

(Kassambara & Mundt, 2020). 

Additionally, a cluster analysis was also computed within each season using the Unweighted Pairs-

Groups by Arithmetic Average (UPGMA) based on the Euclidean distance matrix estimated with the traits 

that made the greatest contribution in the PCA. The cut-point was chosen following the method of Mojena 

(Mojena, 1977). The association between the cophenetic matrix and the original matrix was determined by 

the cophenetic correlation coefficient (CCC) (Sokal & Rohlf, 1962). To verify the coincidence among the 

distance matrices, a pairwise Mantel Test between distance matrices of the three seasons was performed. 

This analysis was carried out using the function clustering and pairs_mantel of the metan R package 

(Olivoto & Lúcio, 2020). All statistical analysis were performed using R software (R Core Team, 2020). 

 
3. Results and Discussion 

 

3.1 Principal components analysis 

 

The traits CF and BSTS were excluded from the PCA due to the low contribution to 

explaining the variation in the three seasons (Supplementary material - Figure S2). IN and ASS, 

although they also have a small contribution, remained due to the more assertive recommendations 

of the genotypes that these enable and are based, among other quality attributes, on the important 

trait of ASS productivity. The first two principal components explained 65.4%, 60.3%, and 71.8% 

of the total variation for season 1, season 2, and season 3, respectively (Figure 1; Supplementary 

material – Figure S4). 

For season 1, the L*, b* and Chroma that are related to the color pattern, were negatively 

related with genotypes G8 and G9, for both PCs, which indicate the lowest values of these traits 

( )

s

j ki
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for these genotypes. On the other hand, these same genotypes presented high values for the ASM 

and SH (Figure 1a). Such an observed response indicates that longer stems and with greater weight 

present less yellow and less shiny sugars, which may influence the acceptance of the product in 

the consumer market. The genotype G6 has similar behavior as G8 and G9 when considering PC1. 

The traits ASC, TSSC, ASB, TSSB, and TRS are associated with the presence of sucrose in 

sugar cane and were positively related according to PC1 (in all seasons), and both PCs in seasons 

1 and 2 (Figure 1). The highest positive related magnitudes among these traits, according to PC1 

were observed for the G2, G7 and G10 genotypes (Season 1), G1, G2, G6, and G7 (Seasons 2), 

and G2 and G6 (Seasons 3). The genotypes G1 and G2 were also positively related to Chroma, 

L* and b* based onPC1, in all seasons. 

For season 2 (Figure 1 b), SH, ASM, and a* present greater positive related magnitude with 

the G8 and G9, and negative related with Chroma, L*, b*, diverging of G7. As L* indicates 

brightness, the lower this value, the darker the sugar. The color of the sugar produced by the G8 

and G9 genotypes showed a dark color, whereas, for the G7, a light color was observed for the 

brown sugar. G9 has shown the same pattern of behavior with L*, b* and chroma in all seasons, 

as well as G8. In season 2, the traits TSSB, TSSC, ASB, ASC and TRS showed greater magnitude 

for genotypes G2, G3, and G6, according to both PCs, and are also positively related with Chroma, 

L* and b*, considering PC1. 

For season 3, considering both PCs, the G8 showed greater magnitudes for SH, VB and ASM 

and smaller values of L*, b*, Chroma (Figure 1 c, Figure S4). Genotypes G4, G7, and G10 showed 

a negative related whit trait a*, and b*, indicating positioning patterns with a hue close to the 

green and blue, respectively. According to PC2, for the L*, b* and Chroma presented greater 

magnitude for G1, indicating that it produced sugar with intense yellow color. In PC2, genotypes 

G2, G5, and G6 showed positive related with ASS, TRS, BS100, ASC, and a*.  

In all harvest times, ASC, ASB, ASS, TSSB, TSSC, TRS were positively related with PC1 

(Figure 1). These traits are related to the quality and quantity of the sugar that will be produced. 

Regarding the studied genotypes, it is observed that G2 (clone IACSP04-704) showed stability of 

sugar production in the three seasons, thus precocity prevailing and inferring that stable genotypes 

in TSS and TRS in different harvest times as in this case can be indicated for harvest at 15 months. 

In the three harvest periods the traits Chroma, L*, b* were positively related among them and 

inversely related with ASM, SH, VB, and IN in high magnitude for seasons 1 and 2 and in low 

magnitude for season 3. This suggests that the increase of the weight results in sugars of yellow 

coloration and with lower brightness, which may influence the acceptance of the product in the 

consumer market. The coloring of brown sugar is an important quality trait and is an indicative of 

consumer preference, which may or may not is affected by its color (Guerra & Mujica, 2010). The 

brown sugar is obtained when the cooking temperature is high, causing, for example, Maillard 

reactions and caramelization. Besides that, the presence of phenols and flavonoids in cane stem 

may promote differences in the formation of dark pigments in brown sugar and may vary 

according to the cultivar (Asikin et al., 2016).  

The apparent sucrose in both cane broth and brown sugar is directly related to the amount of 

sugar that will be obtained. Studies with sugar production revealed that the higher amounts of total 

soluble solids (which are desired) are observed in later harvests, with ~14 months of cultivation 

(Ahmed et al., 2016). However, there is a trend to decrease as the sugarcane remains in the field 

for longer periods, e.g., 16, 18 months (Hagos et al., 2014). 

The accumulation of sucrose occurs increasingly, until the peak of sucrose in the stem 

(Chandra et al., 2014). The amount of sucrose contained in cane broth is related to the amount of 

sugar that will be obtained, since sucrose is the crystallizable sugar, unlike glucose and fructose, 

which does not have the crystallization property and which may negatively interfere with the 

crystallization of brown sugar if they are at higher levels (Wang et al., 2017). 
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Figure 1. Biplot of principal component analysis, for the first (a), second (b) and third (c) harvests, considering the traits: 

stem height (SH), mass of brown sugar obtained in 100 liters of broth (BS100), total recoverable sugars (TRS), a*, b*, 

Chroma, L*, apparent sucrose in broth (ASB), apparent sucrose in sugarcane (ASC), average stem mass (ASM), soluble 

solids content of broth (TSSB), soluble solids in sugarcane (TSSC), number of internodes (IN), purity (P), broth volume 

(VB) and apparent sucrose in brown sugar  (ASS). 

 

3.2 Clustering analysis 

 

Clustering analysis showed a cophenetic correlation of r = 0.80, r = 0.83, and r = 0.65 for the 

seasons 1, 2, and 3, respectively (Supplementary material). According to the Mantel’s test, the distance 

matrices presented a low to intermediate correlation estimates across the harvest periods 

(Supplementary material, Figure S6). For the three harvests, two groups of genotypes were obtained 

(Figure 2). This number of groups is less than that found by Fwti et al. (2016) and by Nardino et al. 

(2017) studying the production of sugarcane, which may be explained due to the higher number of 

genotypes tested. Values close to the average were observed for ASB and for the P, showing little 

variation between the three seasons. For the other traits, there were variations according to the harvest 

period (Supplementary material - Figure S7). 

In this way it is possible to verify the genetic dissimilarity among the genotypes within each harvest 

period, suggesting the genotypes that can be used for crosses in future breeding programs with the 

sugar cane crop destined for the production of brown sugar. Therefore, the use of multivariate 

methodology allows the discovery of the genotypes with the greatest genetic divergence and thus 

directs them to a genetic breeding program. 

The obtained dendrogram for season 1 (Figure 2a) shows one group formed by genotypes G8 and 

G9, presenting mean values of SH and ASM higher than the other group for seasons 1 and 2 

(Supplemental material – Figure S7), but with lower sugar production compared to group 2. This was 

probably observed because the peak of sucrose synthesis did not occur. The endogenous synthesis of 

sucrose can be derived from the expression of Susy genes (Thirugnanasambandam et al., 2019). The 

peak accumulation of sucrose can occur from the endogenous synthesis of reducing sugars (Castro et 

al., 2001). 

The results of Chroma, b* and L* presented low values for cluster 1 in the seasons 1 and 2, which 

was inverse in the season 3. This corroborates the results also evidenced in the principal component 

analysis (Figure 2, Supplementary material – Figure S7). Such results may come from intrinsic 

characteristics of the genotypes such as the appropriate maturation cycle, as well as favorable 

environmental conditions such as precipitation and temperature (Silva et al., 2014). 

For season 3, cluster 2 (G9, G4, G10, and G8), shows on average a darker sugar coloration than 
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seasons 1 and 2, which is inferred by the lower values of L* in this season (supplementary material 

Figure - S7). Lower L* values may occur due to the decrease in the amount of sucrose, according to 

the maturation curve of these genotypes, where reducing (fructose and glucose) and non-crystallizable 

sugars tend to predominate (Rook et al., 2006).  

The sugarcane crop is characterized as semi-perennial, whose harvest occurs at the end of its 

growth and maturation (accumulation of sucrose) when the maximum productivity and accumulation 

of TRS occurs. The reduction of the TRS amounts occurs due to the natural decrease of the maturation 

curve and consequently the conversion of sucrose into reducing sugars (fructose and glucose) (Conab, 

2020). 

The traits that most contributed to the variability between genotypes were apparent sucrose from 

sugarcane, total recoverable sugars and soluble solids content of sugarcane. For each crop season, 

different groups of genotypes were formed. For most genotypes, the largest brown sugar production 

occurred after 17 months of cultivation. The colour of brown sugar varied according to the time of 

harvest and the cultivar used to produce it. 

The results obtained in this manuscript point to the importance of studies capable of identifying the 

differences between sugarcane genotypes in each harvest period, since this influences the yield and 

quality of the brown sugar that will be produced. Thus, management strategies such as planning the 

planting and harvesting times, combined with the genotype that expresses the characteristics of interest 

to the producer can bring greater benefits, increasing the yield and quality of brown sugar. 

 

 
Figure 2. Dendrograms obtained by the unweighted pair group method using an arithmetic average (UPGMA), utilizing the 

Euclidean distance estimated between the pairs of ten genotypes (G1, G2, G3, G4, G5, G6, G7, G8, G9, G10) for each harvest 

period, (a) the first harvest; (b) the second harvest; (c) the third harvest. 

 

4. Conclusions 

The variables ASC, TRS and TSSC, Chroma, b* and L* showed differences between genotypes 

and seasons and are the ones that most contribute to the genetic divergence of brown sugar. 

The RB96-6928 genotype can be recommended for the production of brown sugar in the three 

seasons, whereas the genotypes IACSP 04-656 and IACSP95-5094 in season 1, the IACSP 97-

4039 in season 2 and the IACSP95-5094 in season 3 can be recommended for a lighter brown 

sugar color in the final product. 
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