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Abstract: In the search for more efficient production systems, many changes have occurred in the 

strawberry production sector. Planting density is one of the management techniques that most in‐

terferes with the quality of fruits and production aspects. This study aimed to evaluate the effect of 

different planting densities on the photosynthetic characteristics, fruit quality, and production of 

the strawberry cultivar Pircinque. The study was conducted in the 2018/2019 and 2019/2020 harvests 

in Lages, Santa Catarina, Brazil. The treatments consisted of plant spacing of 5, 10, 15, 20, 25, and 30 

cm. The experimental design was  in randomized blocks, with four blocks and plots of 20 plants. 

Plant spacing interfered with fruit quality, photosynthetic efficiency, production, productivity, and 

economic return. Due  to  the  fruits of Pircinque having a higher quality  than other cultivars,  the 

planting spacing between 5 and 15 cm allows meeting the fruit’s main production and quality re‐

quirements. However, it is up to the producer to adapt the management if opting for higher planting 

densities, which allow for a greater economic viability of the business. 

Keywords: Fragaria X  ananassa; planting  spacing; photosynthetic efficiency; productive viability; 

fruit quality 

 

1. Introduction 

The strawberry (Fragaria X ananassa Duchesne) is produced and appreciated through‐

out the world. It is a culture of great economic importance, standing out among producers 

and consumers as the main species among small fruit groups. [1]. That is mainly due to 

the high‐quality characteristics of the fruits and their nutritional properties, highly appre‐

ciated by consumers, especially for the presence of polyphenols, ellagic acid, anthocya‐

nins, and vitamin C [2,3]. Worldwide, 8.3 million tons were produced in 372.3 thousand 

cultivated hectares in 2018. As the world’s largest strawberry producers, China (111 thou‐

sand  hectares),  Poland  (47.9  thousand  hectares), Russia  (29.8  thousand  hectares),  the 

United States (19.9 thousand hectares), Turkey (16.1 thousand hectares), Germany (13.9 

thousand hectares), and Mexico (13.6 thousand hectares) are worth mentioning [4]. 

Even though it is not among the leading strawberry producers globally, Brazil stands 

out as the largest producer in South America, with about 4.5 thousand hectares cultivated 

and 165 thousand tons produced in 2019 [5,6]. The leading Brazilian strawberry producers 

are the states of Minas Gerais, Paraná, the Rio Grande do Sul, São Paulo, Brasília, Espírito 
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Santo, Bahia, and Santa Catarina. Together, Minas Gerais, Paraná, and the Rio Grande do 

Sul represent approximately 75% of the cultivated area and national production. Due to 

the marketing of fruit’s high added value and it being considered a microclimatic culture, 

strawberry cultivation has an outstanding characteristic of social and economic involve‐

ment, becoming a principal activity of small rural properties [6–11]. 

Many authors refer to numerous factors that may directly influence strawberry cul‐

tivation and their soil and climatic conditions and management responses [12,13]. How‐

ever, among these factors, we can highlight that the correct choice of a cultivar can deter‐

mine the success in cultivation, due to the interaction between environment, temperature, 

and photoperiod  [14];  the phyllochron and  thermal sum also  influence  the production 

phase and  the seasonal production cycle  [15,16]. The plants must have high vigor and 

physiological and phytosanitary quality, capable of promoting a high survival rate and 

vegetative growth after planting [17–19]. Different cultivation systems can also interfere 

with planting density, productivity, and cultivar indication [20]. 

It is also relevant to validate that in Brazil, about 70% of strawberry crops are carried 

out with the cultivars Albion, Camarosa, and San Andreas  [8] and  that  in  the states of 

Santa Catarina and the Rio Grande do Sul, about 80% of new strawberry crops are carried 

out in soilless cultivation systems, semi‐hydroponic [6,8]. Thus, we observe that there are 

still deficiencies in the semi‐hydroponic system due to adequate indications in the man‐

agement techniques for strawberry cultivation and in the use of cultivars recently intro‐

duced  in Brazil  to enable new production alternatives. However,  this system has been 

increasingly used as an alternative for cultivation in a protected environment, fruits have 

higher quality, and the harvest period can be extended for up to two months. [21,22]. 

The interaction between cultivar and soilless cultivation system is an essential factor 

to be studied, combined with different planting densities. It is necessary to optimize struc‐

ture usage to obtain a greater yield per area [20]. The soilless cultivation system for straw‐

berry cultivation is widely studied, as it has become alternative cultivation in protected 

environments. It is a cultivation technique growing strongly in Brazil and represents more 

than half of strawberry crops in Santa Catarina and the Rio Grande do Sul [8,23]. Biochar, 

an alternative for this cultivation, is natural charcoal obtained by controlled pyrolysis of 

organic materials (e.g., agricultural and forest residuals) [24]. 

Planting  density may  interfere with  plant  growth,  biomass  distribution  between 

plant organs,  fruit production and size,  the qualitative characteristics of  fruits, and the 

total yield [20]. It should also be noted that aspects related to leaf appearance [25], floral 

induction,  flower formation, and the growth and development of  the  fruits  [26] can be 

changed. In turn, these factors also interact with each other, requiring attention through‐

out the productive season, as they end up interfering in the capture of sunlight and di‐

rectly influencing the photosynthesis of the leaves [25]. A larger population of plants puts 

pressure on each other, diluting the distribution of photoassimilates, these carbohydrates 

in a smaller amount reduce the size of the fruits. Therefore, greater productivity can be 

projected with smaller fruits, on the contrary it is also true [27]. 

The critical balance between the green area’s vigor in the vegetative phase and the 

production  of  fruits  during  the  crop’s  productive  cycle  may  determine  its  success 

[26,28,29]. Few reports in the literature relate the balance between the green area with fruit 

load and planting density, being the spacing into isolated study [12,13]. The influence of 

planting density is described in the literature [30] to be correlated with the fruits’ size; in 

a given space there is an upper limit of the plant, due to the physiological competition 

between them, a factor such as productivity is directly linked to the intensity and duration 

of  the photosynthetic activity period  (net carbon assimilation) of  the plants. Therefore, 

knowledge of the leaf area is necessary to assist in the adequate spatial distribution of a 

plant population, being directly linked to the yield and genetic potential of productivity 

of a crop. In general, the greater the spacing, the larger fruits are expected to be harvested. 

That is done with the purpose of obtaining greater sun exposure, as the spacing increases, 
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less competition for nutrients, and lower incidence of diseases [31]. However, the excess 

of space affects the gain per area, and there is a microclimate conducive to fungal diseases. 

Given the above and bearing in mind that the cultivar of strawberry Pircinque has 

grown to be a new option for Brazilian producers, mainly due to the high quality of the 

fruit (sweetness, taste, size, crispness, and firmness), and its increased vigor and resistance 

of plants to pathogens [32,33]. Thus, this study tests the following hypothesis: the planting 

density influences the cultivar mentioned above. 

Thus, this study aims to evaluate the interference of different planting densities in 

the photosynthetic, productive, and quality aspects of the fruits of the strawberry cultivar 

Pircinque in cultivation carried out in the mountain region of the state of Santa Catarina, 

Brazil. Thus, is expected to find an ideal spacing to obtain better productivity and fruit 

quality.   

2. Materials and Methods   

2.1. Plant Material and Experimental Design 

The research was conducted at the Center for Agroveterinary Sciences of the Univer‐

sity of Santa Catarina (CAV‐UDESC), based in Lages, mountain region of Santa Catarina, 

Brazil. The  evaluations were  carried out during  two  consecutive  agricultural harvests 

(May 2018 to January 2019 and May 2019 to January 2020). The experimental field was 

located at the coordinates 27°47’ south latitude and 50°18’ west longitude, at an altitude 

of 923 meters above sea level. The climate of the region is classified as humid subtropical 

mesothermal, Cfb, with  an  average  annual  temperature  around  15.6  °C,  and  average 

yearly precipitation of 1,400 mm, with rainfall well distributed throughout the year [34]. 

Table 1 describes the average values of the environmental variables in the 2018/2019 and 

2019/2020 production cycles. The climatic data regarding the average temperature (°C), 

relative humidity (%), and precipitation (mm) were monitored through the meteorologi‐

cal station of the National Institute of Meteorology [35]. 

Table 1. Mean values of environmental variables measured in the 2018/2019 and 2019/2020 production cycles. 

  Mean Temperature 

(Tmed; °C) 

Maximum Temperature 

(Tmax; °C) 

Minimum Temperature 

(Tmin; °C) 

Relative Humidity 

(RH; %) 

Rainfall 

(mm) 

2018/2019 

May  13.9  14.4  13.4  86.0  66.8 

June  11.6  12.1  11.1  86.0  124.8 

July  12.7  13.2  12.1  83.6  80.0 

August  11.0  11.5  10.5  83.8  101.4 

September  15.0  15.5  14.5  84.5  191.6 

October  15.6  16.1  15.2  85.5  150.8 

November  17.8  18.4  17.3  80.8  161.4 

December  20.0  20.8  19.3  74.7  210.4 

January  22.0  22.6  21.4  80.5  137.6 

Average  15.5  16.1  15.0  82.8  135.9 

2019/2020 

May  15.4  15.8  15.0  89.8  241.6 

June  14.0  14.6  13.5  85.7  13.6 

July  11.5  12.0  11.0  82.9  96.2 

August  12.0  12.6  11.5  80.6  37.2 

September  15.2  15.7  14.7  80.5  51.4 

October  17.7  18.2  17.1  80.2  214.0 

November  18.0  18.5  17.5  79.4  170.4 

December  19.7  20.4  19.1  73.4  53.2 

January  20.6  21.2  20.0  74.8  35.2 

Average  16.0  16.6  15.5  80.8  101.4 
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The conventional cultivation was carried out in a soilless cultivation system [23], with 

a structure of troughs filled with a commercial substrate (40% carbonized rice chaff + 40% 

decomposed pine bark + 20% sphagnum peat; and pH 6.0), and fixed greenhouse, covered 

with transparent polyethylene film with 100 microns thickness.   

Plants type “plug plants” of the Pircinque cultivar (Short Day) were transplanted in 

a single row, and the treatments in six different spacing (Figure 1) between plants (5, 10, 

15, 20, 25, and 30 cm); thus, a planting density equivalent to 240, 120, 80, 60, 48, and 40 

thousand plants per hectare, respectively, in the ascending order from the smallest to the 

largest spacing of the planting between plants. The strawberry plants were produced by 

a commercial nursery located in Farroupilha (29°12’ S, 51°19’ W, and 720 meters of alti‐

tude), State of Rio Grande do Sul, Brazil. The  type of “plug plant” was obtained  from 

unrooted runners (tips) grown in trays containing peat, for 4 weeks until the transplants 

for the greenhouse [36]. The experimental design was  in randomized blocks, with  four 

blocks, the experimental unit consisting of 20 plants. The cultivation trough was 15 cm 

wide by 20 cm deep, supported one meter high to the ground.   

. 

Figure 1. Strawberry plants from the cultivar Pircinque, in different spacing in your cultivation 

structure (25 × 20cm) in the first cicle (2018/2019). 
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Irrigation and fertigation were carried out by a localized system, using an irrigation 

tape, with drippers spaced 10 cm apart. The nutrient solution incorporated in the irrigation 

water was adjusted so that the nutrient solution’s electrical conductivity was approximately 

1.1 dS m−1 and pH around 6.0 [37]. The nutrient solution’s pH and electrical conductivity 

were monitored and adjusted according to the necessity to maintain the proposed levels. 

Fertigation was performed according to the culture phase, and it was performed twice a day 

in the vegetative stage. The frequency was increased by up to five times a day during the 

reproductive phase when temperatures are higher in the summer. The planting of the plants 

was carried out in the first half of May of each year. The harvests were carried out between 

September to January in both years, with an interval of 3 to 5 days, when the fruits’ epider‐

mis reached an 80% uniform red color.   

2.2. Analyzed Variables 

2.2.1. Productive Parameters 

At the end of each harvest, the fruits were counted and weighed with a semi‐analytical 

precision scale (0.01 g), model M3102, BEL scientific equipment, certified by the National 

Institute of Metrology, Quality, and Technology [3–5]. The results were summed, and from 

these, was estimated the number of fruits per plant (UN Plant−1), obtained by dividing the 

total number of fruits harvested by the total number of plants (20) that composed each of 

the experimental units. The total production per plant (g plant−1) was obtained from the di‐

vision of the total weight of the harvested fruits by the number of plants contained in each 

repeat. The fresh fruit mass (g fruit−1) was estimated by the ratio obtained between the com‐

mercial production variables (g plant−1) and the number of commercial fruits in each exper‐

imental unit. The percentage of commercial fruit production in relation to the total output 

per plot was obtained by dividing commercial production by the total output of each repeat, 

multiplying by 100. Commercial fruits were considered those with no damage (rot or de‐

formity) and a fresh mass greater than or equal to 10 g [38]. Based on the fruits’ average 

monthly marketing price, we estimated the gross and net yields that each planting density 

could allow a strawberry producer in the state of Santa Catarina. 

2.2.2. Qualitative Parameters 

For the fruit quality analyzes [39], we considered uniform samples of 10 fruits each 

experimental unit with a total 40 fruits analyzed, in a total of four times per cycle. 

The luminosity (L), Chroma (C), and hue angle (°hue) parameters were quantified for 

the coloration of  the  fruit epidermis using a Konica Minolta CHROMA METER CR‐400 

(Made in Marunouchi, Tokyo, Japan) colorimeter. For each fruit, two readings were per‐

formed on opposite sides in the equatorial region. L* values may range from 0 (darker) to 

100 (lighter). For Chroma or color purity, the lower the value obtained, the higher the degree 

of color  impurity,  that  is,  the  lower  the pigments’ saturation. Higher values  increase  the 

saturation generating purer colors. The hue angle (°hue) defines the hue of the epidermis 

and can vary from 0 to 360, in which smaller values correspond to the shades closer to in‐

tense red and larger values to the shades closer to orange‐red [40]. 

The pulp firmness variable, expressed in Newton, was measured wtih a Texture Ana‐

lyzer TA.T.plusC—made in Hamilton, MA ‐ United States of America (texturometer), with 

a tip of 2 mm, two penetrations of 10 mm in each fruit, on opposite faces in the equatorial 

region. The total soluble solids’ concentration was quantified from a digital refractometer 

(Atago PR‐101A, with automatic temperature correction—made in Honcho, Tokyo ‐ Japan). 

The concentration of sugars in the fruits was obtained, measured in °Brix. Titratable acidity 

was expressed by the citric acid content for 100 g of fresh fruit mass and was determined by 

an automatic TITRONIC® 300—made in Mainz, Germany. The sample was formulated from 

a dilution of 5 ml of  juice in 45 ml of distilled water and then titrated with 0.1 N NaOH 

solution until PH 8.1 [41]. Finally, the total soluble solids/titratable acidity ratio was calcu‐

lated by dividing the sugar and acidity levels obtained. 



Agronomy 2021, 11, 408  6  of  21 
 

 

2.2.3. Photosintetic Parameters 

The photosynthetic parameters were determined using the IRGA‐Infrared Gas Ana‐

lyzer, model Li‐6400 XT from Licor (Made in Lincoln, Nebraska ‐ United States of America 

[42]. Forty readings per treatment in the same plant for each block were performed on the 

mature leaves most exposed to the sun, with no senescence sign for having higher photo‐

synthetic rate. In both years, the readings were performed in the second half of October 

(full bloom period),  in periods with higher photosynthetic rates (from 11h to 13h). The 

chamber’s internal flow was fixed at 400 μmol s−1 and the internal photosynthetically ac‐

tive radiation  (PAR) at 1500 μmol s−1m−2, as recommended by  the manufacturer  for C3 

plants [38]. Through the evaluations were obtained the data of liquid assimilation of CO2 

or photosynthetic yield (A, μmol CO2 m−2 s−1), the intercellular concentration of CO2 (Ci, 

μmol mol−1 air), stomatal conductance (Gs, mol CO2 m−2 s−1) and transpiration rate (E, mol 

CO2 m−2 s−1). Through  the relation between  the CO2 assimilation and  transpiration  rate 

(A/E), the water‐use efficiency (WUE, mmol H2O−1) was calculated, while the carboxyla‐

tion efficiency (A/Ci) was due to the CO2 assimilation and intercellular CO2 concentration 

ratio in the leaf [43,44]. 

2.3. Statistical Analysis 

The data of each harvest, evaluated separately, were submitted to the variance anal‐

ysis (ANOVA p ≤ 0.05) through the F test. The data that showed significance, were plotted 

in Boxplot. To better visualize the relation between the different spacing and the variables 

analyzed, a principal components analysis (PCA) and Pearson correlation was also per‐

formed [45]. All statistical analyses were performed with the help of statistical software R 

[46]. 

3. Results and Discussion 

3.1. Productive Parameters 

For the number of fruits per plant, the increase in spacing between plants and lower 

planting density resulted in increments for this variable adjusted in linear models in both 

harvests (Figure 2A). The highest average number of fruits harvested per plant in both 

years of cultivation were in the largest spacing (30 cm), with average values of 40.0 and 

53.5 fruits per plant, respectively (Figure 2A), whit fruits per plant, higher than other stud‐

ies [47]. Other authors re‐ported variations from 21.3 to 44.9 fruits in soil and substrate 

cultivations [48]. These variations in the number of fruits per plant are mainly due to fac‐

tors such as cultivar, the date of planting [40,49], cultural practices [40,50,51], and by tem‐

perature  fluctuations, water  regime, and  the  incidence of diseases during  the growing 

seasons [14,52]. 

Other authors reported the increase in the number of fruits verified  in the present 

study due to increased spacing between plants and in several cultures, such as larger fruit 

vegetables [53,54]. Usually, the increase in planting density and the reduction of spacing 

between plants lead to a reduction in the proportional partition of dry and fresh matter 

for the fruits and, consequently, the reduction in the number of fruits harvested and the 

individual production of the plants, as verified in the present study (Figures 2A,B). They 

also point out  that  the decrease  in spacing between plants  reduces  leaf expansion and 

provides higher  shading, which causes a  reduction  in  solar  radiation  interception and 

consequently affects the production of photoassimilate by the plant [55]. 

The highest averages for total production per plant were obtained with the largest 

spacing between plants (30 cm) (Figure 2B). The average productions in the two evaluated 

crops were below the potential of the cultivar Pircinque, 1 kg per plant, considered appro‐

priate to provide good profitability to the producer [33], and also when compared to an‐

other study that obtained the average production of 848.9 g plant−1, testing four cultivars 

in suspended cultivation [50]. 
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Figure 2. The response of the number of fruits per plant (A) and the total production (B) of strawberry plants cv. ‘Pir‐

cinque’, in the different spacing between plants with average of the 2018/2019 and 2019/2020 harvests. For each spacing, 

the different letters indicate significant differences (p ≤ 0.05). 

In both agricultural harvests, there was a decrease in productivity due to the increase 

in spacing between plants (Figure 3A). The highest productivity values were in the small‐

est spacing (5 cm), no matter the harvest, and consequently, in the highest planting density 

(240 thousand ha−1 plants). 

The increase in the number of fruits harvested per unit area obtained in the smaller 

plant spacing and higher planting densities was decisive to achieve high values of this 

yield component. The highest yields in the present study were obtained with a plant spac‐

ing of 5 to 15 cm (Figure 3A), whit values above average when compared to other studies 

[46]. However, when analyzing the spacing of 10 cm between plants, there are also high 

yields, with values above 50 ton ha−1 and increases of 38.8% and 45.1%, when compared 

to the Brazilian average of 36.1 t ha−1 [8]. 

The use of smaller spacing and higher planting density optimized the use of semi‐

hydroponic structures and  the cultivation area, allowing higher yields (Figure 3A) and 

better use per unit area. High yields are essential to ensure the economic return and enable 

cultivation, especially in crops typically exploited in small areas, such as strawberries. A 

study  conducted with  the  cultivar Camarosa also  indicated  that  the higher density of 

plants considered (200 thousand ha−1 plants) led to higher productivity [56]. 
In both agricultural harvests, there was an increase in the average fresh mass of com‐

mercial  fruits  (Figure 3B). These results corroborate with other studies, stating  that  the 

smaller spacing between plants increased the total dry mass and fruits and higher produc‐

tivity, resulting from more fruit harvested per unit of the cultivated area [20]. There were 

oscillations of fresh mass among the treatments in both harvests. That may be due to fac‐

tors that interfere with cultivation, such as photoperiod and temperature, which affect the 

productive stage’s hormonal regulation [57], and oscillations in temperature patterns and 

water regime, which always occur from one year to another [58]. 

There was a small oscillation between the different treatments for the percentage of 

production classified as commercial (Figure 3C). The maximum percentage of commercial 

production was obtained with the spacing of 30.0 cm and the minimum point in the spac‐

ing of 12.2 cm. [13] applied the effect of strawberry planting density under fruit yield and 

observed in the high planting density the largest number of fruits, however, for the small 

size fruits, convergent results were found by [59] 
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Figure 3. Yield (A), fresh fruit mass (B), and percentage of commercial production (C) of strawberry fruit cv. ‘Pircinque’ 

depending on the different spacing between plants with average of the 2018/2019 and 2019/2020 harvests. For each spacing, 

the different letters indicate significant differences (p ≤ 0.05). 

Spacing between plants  also  interfered with  the percentage of  fruits  classified  as 

small (Figure 4A). For both harvests, the portion of small fruits was lower with the de‐

crease in planting density. These results indicate that the spacing above 5 cm and 10.0 cm 

for the respective years would be relevant to pro‐mote the decrease in the small fruits’ 

production. Studies report that with the increase in planting density, there may be a de‐

crease in the crown’s fresh mass [56]. In turn, it decreases the concentration of carbohy‐

drates and consequently also causes interference in fresh fruit mass. This may occur due 

to the competition for carbohydrates and assimilates. 

The increase in spacing in strawberry planting increased the yield per plant by about 

40% and promoted the increase in fruit size [21]. Other studies also indicate positive cor‐

relations between  the number of  fruits per plant  to  the percentage of small  fruits. The 

higher the number of fruits, the higher the percentage of fruits classified as small [60], a 

fact also observed in this study. Other studies also report an increase in commercial fruit 

production and a decrease in small fruits’ percentage as the spacing between plants in‐

creases [59,61]. 

Another critical piece of information is related to the percentage of discarded fruits 

(Figure 4B) due to fungi or pests’ attack, making the commercialization of fruits impossi‐

ble. And for this factor, the lowest index of discarded fruits was verified at 20.0 cm spacing 

between plants. The smaller spacing between plants probably resulted in a more deficient 

aeration of plants, increasing the vegetation’s moisture indexes. Excess moisture, in turn, 

collaborates with the increased occurrence of pathological diseases. The smaller spacing 

and the incidence of rot diseases relation are positively correlated, more severe in smaller 

spacing between plants [62]. 
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Figure 4. The percentage of small fruit (A) and fruit classified as discard (B) of strawberry cv. ‘Pircinque’ depending on 

the different spacing between plants with average of the 2018/2019 and 2019/2020 harvests. For each spacing, the different 

letters indicate significant differences (p ≤ 0.05). 

Concerning gross income (US$ ha−1), estimated by the production trading, and con‐

sidering the average price over the last five years from the Companhia de Entrepostos e 

Armazéns Gerais de São Paulo (the largest center of the food supply in Latin America) 

[63], there was a tendency toward a decrease in income due to the increase of the spacing 

(up to 25 cm) in both growing seasons since the spacing of 5 cm was the one that allowed 

the highest yield per hectare (US$ 161.000,00 and 143.000,00), associated to higher produc‐

tivity. The 5 cm spacing obtained a better estimate of financial gain at the end of the two 

harvests (Figure 5A), respectively 339% and 199% higher than the larger spacing (30 cm). 

For both years, the minimum values were obtained with the estimated spacing of 20.0 

cm between plants, equivalent to a density of 50.2 thousand ha−1 plants. That  indicates 

that the yield’s viability would be related to spacing lower than 20.0 cm between plants, 

resulting in planting densities higher than 50.2 mil ha−1 plants. Studies with planting den‐

sity for the cultivation of Camino Real strawberry in the soilless cultivation system indi‐

cate a density of 125 thousand plants ha−1 as the point of balance be‐tween production, 

fruit quality, and the number of plants required [20]. 

For the net profit variable (Figure 5B), the estimated production costs for the state of 

Santa Catarina (U$ 1 kg−1 strawberry) [64] were discounted, and the costs of the plants of 

type “plug plants” (U$ 0.14 per plant‐Pasa nursery), according to planting density for each 

planting spacing. Thus, it was observed in the two harvests that the spacing of 5 cm was 

the one that allowed higher net profit (U$ 56,000 and U$ 47,000), respectively 278% and 

123% higher  in relation  to  the  lower planting density  for both harvests evaluated.  It  is 

recommended planting spacing of less than 20.0 cm between plants to obtain greater net 

profits, which directs to a density of 51.7 thousand ha−1 plants. 

 

Figure 5. The response of gross income (A) and net profit (B) of strawberry production cv. ‘Pircinque’ depending on the 

different spacing between plants with average of the 2018/2019 and 2019/2020 harvests. For each spacing, the different 

letters indicate significant differences (p ≤ 0.05). 



Agronomy 2021, 11, 408  10  of  21 
 

 

For  the survival of any economic activity,  it must be profitable  to cover  the value 

invested and the labor employed in the production, obtaining the return on investment 

[65]. Therefore, it should be considered that lower planting densities allow higher produc‐

tivity and net profit per area. However,  the producer must also consider the  increased 

demand for labor because very dense plants require more time in some activities, such as 

harvesting and other required cultivation practices [66]. Therefore, studies that observe 

the values of income and net profit under specific conditions provide elements that meas‐

ure the probability of return for investments, thus enabling the correct decision making 

on the choice of the feasible and appropriate spacing for each cultivation condition. 

3.2. Qualitative Parameters 

Regarding fruit sweetness parameters, represented by the content of total soluble sol‐

ids (Figure 6A), the largest tested spacing (30 cm) produced fruits with higher sugar con‐

tent  (9.0 °Brix). It exceeded  the averages obtained  in  the 2018/2019 harvest. Strawberry 

fruits that have an acceptable  flavor must have a minimum of 7% soluble solids and a 

maximum of 0.8% titratable acidity [67]. 

With the increase of the spacing between plants, there is a higher interception of sun‐

light, increasing the biomass production, and, consequently, the photosynthetic rate, due 

to  the higher number of  leaves, directly  affecting  the  fruits’ quality  [20]. Besides,  this 

higher sun exposure conditioned by the higher distance between plants raises net photo‐

synthesis levels by plants, which results in a higher accumulation of sugars, responsible 

in its vast majority for fruits’ sweetness [68]. 

As for the titratable acidity (Figure 6B), a slight decrease was observed harvest due 

to  increased spacing. However,  there was an  increase  in  the averages, with maximum 

acidity value (0.78 g 100g citric acid−1), obtained in the largest spacing used (30 cm). Titrat‐

able acidity values greater than 0.8% of citric acid imply fruits with a low ratio, thus re‐

ducing their acceptability by the consumer [69]. The sweetness of strawberry fruits is de‐

termined by the soluble sugar contents, mainly glucose, sucrose, and fructose; concerning 

titratable acidity, its principal constituent is citric acid [70,71]. 

According to [72], as fruit ripening progresses, the content of soluble sugars in fruits 

tends  to  increase, and acids’ concentration  tends  to  reduce. This process accelerates  in 

conditions of higher sun exposure, provided by the lower plant density. That explains the 

positive correlation 0.95, obtained  in this research between  these  two variables, since a 

balance of both is necessary to get good‐tasting fruits [73]. Positive correlations between 

these two parameters have already been verified by other authors [74,75], which proves 

these compounds’ importance in the final flavor composition of strawberry fruits. 

 

Figure 6. The response of total soluble solids value (A) and acidity (B) of strawberry plants cv. ‘Pircinque’  in different 

spacing between plants with average of the 2018/2019 and 2019/2020 harvests. For each spacing, the different letters indi‐

cate significant differences (p ≤ 0.05). 
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Regarding the total soluble solids/titratable acidity ratio, increases were observed in 

different intensities (Figure 7A). The maximum soluble solids and titratable acidity ratio 

(15.4) were obtained at a spacing of 15.0 cm. The fruits’ flavor is mainly determined by the 

total soluble solids/titratable acidity ratio, so the higher the value obtained for this ratio, 

the greater the possibility of acceptance of fruits by consumers [76], since it contains one 

of the main ways of quantifying the fruits’ flavor [77]. Thus, due to the higher sugar levels 

and lower acidity concentrations, the fruits were sweeter, configuring fruits with better 

flavor. Fruits with a higher soluble solids/titratable acidity ratio are the best accepted for 

consumption in natura, since high acidity is an undesirable factor for sensory acceptance 

[78]. According to [79], the parameter of the soluble solids/titratable acidity ratio that is 

considered adequate for fresh strawberry fruits to be accepted on the market, minimum 

8.75. 

For fruit pulp firmness, a significant effect was observed, provided by the different 

planting spacing. In both crop harvests, generated mini‐mum point when used approxi‐

mately 25.0 cm of spacing between plants. We can also notice high firmness values in the 

smallest spacing tested, spatially 5.0, 10.0, and 15.0 cm, due to the higher production of 

small fruits in these spacing (Figure 7B). Pulp firmness is one of the most important char‐

acteristics for determining fruit quality; the firmer they are, the longer the postharvest and 

rot durability and more resistant the fruits are to transport [80]. According to [81], highly 

perishable fruits, such as strawberries, when they can be stored for a long period of time, 

make it possible to sell this product in more distant regions. 

 

Figure 7. The response of total soluble solids value and titratable acidity ratio (A) and pulp firmness (B) of the fruits of 

strawberry plants cv. ‘Pircinque’, in different spacing between plants with average of the 2018/2019 and 2019/2020 har‐

vests. For each spacing, the different letters indicate significant differences (p ≤ 0.05). 

Small fruits have lower cell content, making the cells more compact and rigid, with a 

less internal dilution of calcium, which allows higher calcium availability for the cell wall 

composition,  increasing  its  resistance  and  consequently  the  firmness of  the  fruit pulp 

[58,82]. However, the pulp firmness correlated positively with the percentage of commer‐

cial production. That  explains  the  importance  of  this parameter  in  the  fruits’  quality, 

which has already been verified in other studies [83]. It highlights the importance of this 

parameter for obtaining commercial fruits since the pulp firmness is directly related to the 

strength and durability of fruits, especially during harvest and post‐harvest [84]. 

The lower pulp firmness in fruits is related to the enzyme polygalacturonase’s action, 

stimulated by ethylene production in the maturation process, responsible for degrading 

the calcium pectates constituent of the cell wall [85]. In the present study, the decrease in 

the firmness of the fruits in the larger spacing may be related to the larger fruit size since 

larger fruits tend to have more expanded cells due to the higher accumulation of water. It 

ends up diluting the calcium concentrations  in the cells, decreasing the firmness of the 
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pulp [58,82]. Besides, with the higher spacing of plants, the exposure of the fruits to sun‐

light  is higher.  It  increases  the ripening speed, accelerating  the degradation of calcium 

pectates in the cell wall due to ethylene’s high production [85]. 

For evaluating  the epidermis saturation or Chroma  (Figure 8A),  the saturation  in‐

dex’s highest response was verified at spacing 20.0. Smaller spacing than these indicates 

the production of fruits with less pure coloring. For the epidermis color tone (Figure 8B), 

the spacing of 20.0 and 25.0 cm resulted in fruits with a higher indication of epidermis 

directed to the red color. We can conclude that spacing between 15.0 and 20.0 promotes 

redder fruits’ production by these harvests results. 

The larger hue angle, along with the luminosity, can result in brighter fruits. Color 

brightness is a characteristic that makes fruit more attractive and a favorite to consumers, 

according to [86]. For color brightness (Figure 8C), there was a tendency of larger spacing 

to favor fruit production with a higher solar incidence in both harvests. The lowest results 

for Chroma, hue angle and luminosity were found in the 5 cm spacing. A similar descrip‐

tion was also  found by other studies [69], probably due to the lower  incidence of  light 

inside the plants. The most preferred fruits by consumers are those of an intense red color, 

which is one of the first factors that determines the purchase intention by the consumer 

[85]. According to [87], this coloration is the result of the presence of anthocyanins, being 

the pelargonidime 3‐glucoside (responsible for the dark red color) and cyanidin 3‐gluco‐

side. 

 

Figure 8. The response to Chroma(A), skin color (°hue) (B), and luminosity (C) parameters of strawberry plants cv. ‘Pir‐

cinque’, in different spacing between with average of the 2018/2019 and 2019/2020 harvests. For each spacing, the different 

letters indicate significant differences (p ≤ 0.05). 
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3.3. Gas Exchange 

Strawberry plants use approximately 95% of the absorbed water for temperature reg‐

ulation. They have specialized mechanisms such as the closure of the stomata, which can 

result in the low absorption of carbon dioxide (CO2) [69], leading to a reduction in the flow 

of water out of the leaf than in the flow of CO2 that reaches the chloroplasts, thus affecting 

net photosynthesis (Figure 9A) [88–90]. 

The variable internal carbonic concentration (Ci) (Figure 9B) and stomatal conduct‐

ance (gs) (Figure 9C) demonstrated similar behavior in both years of cultivation concern‐

ing the different spacing. This similarity is because several environmental factors control 

the stomatal opening. Luminosity, temperature, and carbon dioxide concentration are the 

most important ones [72]. In this case, the smaller spacing allowed higher average values 

for both years of Ci (308.9 μmol mol−1 air) and gs (0.45 mol CO2 m−2 s−1), reaching a maxi‐

mum point at spacing 15.19 cm for the 2018/2019 harvest (Figure 9B,C). Spacing higher 

than 15.19 cm between plants reduced Ci. It is expected that under conditions of CO2 lim‐

itation, Ribulose oxygenation reactions (RuBP) are initiated, thus affecting the efficiency 

of  the Calvin cycle and consequently reducing  the values  [77]. The Ci becomes a good 

indication regarding the physiologic mechanism that plants use to control the tempera‐

ture being proportional to transpiration [91–93]. According to [94], the closure of stomata 

is the result of a decrease in the water potential in the leaf and its stomatal conductance, 

caused by water deficit, consequently, there is a reduction in the CO2 flow to the leaves, 

this fact has negative impacts on productivity and affects the accumulation of photoassim‐

ilates. 

 

Figure 9. The  response  to net photosynthesis  (A),  internal carbon concentration  (B), and  stomatal conductance  (C) of 

strawberry plants cv. ‘Pircinque’, in different spacing between plants with average of the 2018/2019 and 2019/2020 har‐

vests. For each spacing, the different letters indicate significant differences (p ≤ 0.05). 



Agronomy 2021, 11, 408  14  of  21 
 

 

The assimilation of carbon dioxide from the external environment can promote a loss 

of water and that this decrease can restrict the entry of CO2 [95]. The water‐use efficiency 

(WUE) indicates that the observed values relate to the amount of carbon that the plant 

fixes [95], and thus it is verified decline in the rates of WUE, to the planting spacing incre‐

ment (Figure 10A). These are reflections of the increases observed in photosynthesis. Re‐

search indicates that microclimate conditions can influence gas exchange, so the decreases 

recorded in the WUE may be linked to the increases in intercepted solar radiation, that is, 

in the different spacing microclimate [82]. 

When there are high Ci and gs values, it can be stated that the carboxylation efficiency 

(CE) suffers an increase (Figure 10B) due to the increased availability of ATP and NADPH 

and by‐products for rubisco [82]. Thus, denser spacing (>20 cm) directly interferes with 

the availability of CO2 in the leaf mesophyll, amount of light, temperature, and enzymatic 

activity so that there is photosynthesis. If the Ci is low, all flow is interrupted due to the 

absence of essential compounds  in  the  leaf mesophyll cells. To maintain  the minimum 

photosynthesis activities, the plant uses CO2 from respiration, limiting the whole process 

[82]. 

 

Figure 10. The response to water‐use efficiency (WUE) (A), carboxylation efficiency (B) of strawberry plants cv. ‘Pircinque’, 

in different spacing between plants with average of the 2018/2019 and 2019/2020 harvests. For each spacing, the different 

letters indicate significant differences (p ≤ 0.05). 

3.4. Multivariate Analysis 

When we observe the multivariate analyses, the spacing 30 and 5 cm form different 

groups, distancing itself from other treatments (Figure 11). They can be represented by 

variables such as total soluble solids and titratable acidity for the spacing of 30 cm and 

pulp  firmness, percentage of commercial  fruits, and pH  for  the spacing 5 cm between 

plants. On the other hand, the 10 and 15 cm spacing form a group represented by small 

fruits’ production and a higher relation between total soluble solids and titratable acidity 

(Figure 12). The spacing of 20 and 25 cm contributed to forming a fourth group, repre‐

sented by epidermis coloration variables and productive variables, such as fruit numbers 

per plant, production per plant, and fresh fruit mass. The variables obtained through gas 

exchange analysis (IRGA) did not influence the PCA, demonstrating a low contribution 

to the variation indexes. 

The last group represents the fruits with the most attractive coloring and the largest 

size, which may be associated with greater spacing between plants. Fruits resulting from 

this group are intended for consumption in natura, since the concentration of the main 

anthocyanins decreases when the strawberry is processed, that is, destined for industry, 

consequently loss of color [96]. According to [97], the highest values of epidermis coloring 

are associated with better conservation and acceptance status for consumption, in addi‐

tion, these fruits have a higher concentration of anthocyanins and vitamin C, to determine 



Agronomy 2021, 11, 408  15  of  21 
 

 

these parameters [97], used a subjective scale of coloring of strawberry epidermis in post‐

harvest, which demonstrates that the maximum content of the substances are  found  in 

freshly harvested fruits. 

 

Figure 11. Analysis of  the main components among  the variables obtained  in  the spacing experiment  for  the cultivar 

“Pirncinque” evaluated in Lages‐SC, Brazil in the 2018/2019 and 2019/2020 harvests. Caption: FP = fruits per plant. PP = 

production per plant. PH = productivity per hectare. FM = fresh mass. %CP = commercial percentage. %S= small fruits 

percentage. %D=discard percentage. LM = epidermis luminosity. CR = epidermis Chroma. H = epidermis hue angle. FR = 

firmness. SS = total soluble solids. TA = titratable acidity. RT = soluble solids/titratable acidity ratio. Cond = stomatal con‐

ductance. Ci = intercellular concentration. EU = water‐use efficiency. EC = carboxylation efficiency. 

   

Planting Density 
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Figure 12. Correlation matrix for the six different spacing (5, 10, 15, 20, 25, and 30 cm) in the production and quality of 

strawberry  fruits cv.  ‘Pircinque’. Positive correlations are displayed  in blue and negative correlations  in orange color. 

Color intensity and the size of the circle are proportional to the correlation coefficients. Caption: FP = fruits per plant. PP 

= production per plant. PH = productivity per hectare. FM = fresh mass. %CP = commercial percentage. %S= small fruits 

percentage. %D=discard percentage. LM = epidermis luminosity. CR = epidermis Chroma. H = epidermis hue angle. FR = 

firmness. SS = total soluble solids. TA = titratable acidity. RT = soluble solids/titratable acidity ratio. Cond = stomatal con‐

ductance. Ci = intercellular concentration. EU = water‐use efficiency. EC = carboxylation efficiency. 

The chamber’s internal flow was fixed at 400 μmol s−1 and the internal photosyntheti‐

cally active radiation (PAR) at 1500 μmol s−1m−2, as recommended by the manufacturer for 

C3 plants [38]. Through the evaluations were obtained the data of liquid assimilation of 

CO2 or photosynthetic yield (A, μmol CO2 m‐2 s−1), the intercellular concentration of CO2 

(Ci, μmol mol−1 ar), stomatal conductance (Gs, mol CO2 m‐2 s−1), and transpiration rate (E, 

mol CO2 m−2 s−1). Through the relation between the CO2 assimilation and transpiration rate 

(A/E), the water‐use efficiency (WUE, mmol H2O−1) was calculated, while the carboxyla‐

tion efficiency (A/Ci) was due to the CO2 assimilation and intercellular CO2 concentration 

ratio in the leaf [40]. 

When using four dimensions, it is possible to explain 97% of the variation obtained 

in  the  experiment  (Figure  13). Being  the  first  axis  (X) with  greater  representativeness 

(44.6%), the variables evaluated with more significant influence were: hue angle, epider‐

mis  luminosity, pulp  firmness, production per plant, Chroma, and  total soluble solids, 

ordered in increasing order by weight in the component. On the other hand, the Y‐axis 

(29.2%) is composed of the variables: titratable acidity, percentage of discarded fruits, sto‐

matal conductance, photosynthesis, pulp firmness, and production per plant. 
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Figure 13. Decomposition of the main component analysis for the six different spacing (5, 10, 15, 20, 25, and 30 cm) in the 

production and quality of strawberry fruits cv. ‘Pircinque’. Caption: FP = fruits per plant. PP = production per plant. PH = 

productivity per hectare. FM = fresh mass. %CP = commercial percentage. %S= small fruits percentage. %D=discard per‐

centage. LM = epidermis luminosity. CR = epidermis Chroma. H = epidermis hue angle. FR = firmness. SS = total soluble 

solids. TA = titratable acidity. RT = soluble solids/titratable acidity ratio. Cond = stomatal conductance. Ci = intercellular 

concentration. EU = water‐use efficiency. EC = carboxylation efficiency. 

4. Conclusions 

Based on the study conducted, it is concluded: 

The gas exchange analysis showed a  low contribution  in  the spaces of 5 to 20 cm. 

However, spacing> 20 cm, interferes with the availability of CO2, which is less efficient. 

Nevertheless, they resulted in greater production of commercial fruits, less production of 

small fruits, and greater intensity of color and luminosity. 

Planting spacing of 5 to 15 cm between plants is recommended for growing the straw‐

berry cultivar Pircinque, allowing higher total soluble solids/titratable acidity ratio and 

lower acidity. 

The use of higher plant density allows for greater productivity per area and net profit. 

In addition, among the quality parameters, there is greater firmness, but due to densifica‐

tion, there is a greater production of discarded fruits. 

For higher densities (< 10 cm), the producer may adapt management that allows for 

increasing the quality of the fruits produced, which may result in the use of more labor 

and technologies, avoid excessive fertilising, and cleaning of the plants, to avoid microcli‐

mates suitable for diseases. 

In conditions of lacking adequate workforce and technologies, the producer can opt 

for larger planting spacing (10 to 15 cm), aiming to balance production and fruit quality. 
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Abstract: In strawberry production, the combination of a high productive performance and fruits
with desirable physicochemical characteristics requires the use of plants with a good quality and high
initial vigor. This study aimed to evaluate the effect of plants with different crown diameters on the
productive performance and fruit quality of strawberry plants of the cultivar ‘Pircinque’ (Short Day).
The study was conducted in two evaluation cycles (2016/2017 and 2017/2018). The experimental
design was divided into randomized blocks, with four repetitions, and plots consisting of 20 plants.
This study evaluated the crown diameters of plants of 5, 7, 9, 11, 13, 15, 17, and 19 mm. The produc-
tivity and number of fruit values increased significantly by 57% with larger caliber plants, which also
provided precocity of productivity. The use of more vigorous plants also favored the production of
fruits with higher soluble solids/titratable acidity ratios (+28%) and with epidermis coloration closer
to intense red (−4.3%). For the cultivar ‘Pircinque’, plant crown diameters between 15 and 17 mm
are the most favorable because they condition the best productive performances in combination with
precocity and a good fruit quality.

Keywords: Fragaria × ananassa; bare-root fresh plants; productive influence; precocity of production

1. Introduction

Due to its fruit’s qualitative and attractive characteristics, mainly the aroma, flavor, col-
oration, and firmness, and also due to the high presence of functional compounds, especially
polyphenols, anthocyanins, vitamin C, and ellagic acid, strawberry (Fragaria × ananassa
Duchesne) is a fruit highly appreciated by consumers [1,2]. In this context, within small
fruits, the strawberry plant is the main species cultivated worldwide. In 2018, approx-
imately 8.3 million tons were produced in a cultivated area of 372.3 thousand hectares.
China, Poland, Russia, the United States, Turkey, Mexico, and Germany are the leading
producers in the world [3]. Despite not being considered an important strawberry producer,
Brazil is the leading producer of this fruit in South America [4]. In 2019, approximately
4500 hectares of strawberries were cultivated in Brazil, generating 165 thousand tons and
an average productivity of 36.6 tons per hectare [5].

Strawberry production in Brazil has great importance both socially and economically.
In the last few years, technologies that promote fruits with a better quality and export
potential for foreign markets have been incorporated. In addition to the high economic
return and the various ways in which the transformation is permitted regarding the fruit,
the strawberry can be found growing across almost all of the Brazilian territory, mainly in
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the states of Minas Gerais, Paraná, the Rio Grande do Sul, São Paulo, Brasília, Espírito Santo,
Bahia, and Santa Catarina [5–8].

More than 300 million strawberry plants are needed annually to meet producers’
demand. Of this demand, approximately 70% of the plants are produced in Brazil (bare-
root fresh plants), and approximately 30% are imported (frigo plants) from Argentina,
Chile, and Spain [5,7]. However, most of the strawberry plants produced in Brazil lack
sanitary and physiological quality, and the nurseries in this sector require more significant
technological innovation and a more professional approach. In this sense, the supply of
different plants, especially plants with a high vigor and physiological and sanitary quality,
is an improvement required to meet strawberry producers’ demand.

In Brazil, the plant is perceived as one of the principal investments in implementing
a strawberry crop. However, it is a critical factor for the success of cultivation since it
is directly related to the fruits’ qualitative characteristics. Above all, it is related to the
agronomic aspects, especially the size and quantity of fruits harvested. Therefore, plants are
considered the starting point for both crop and producer success [9,10]. The prerequisites
are high indices of vigor and physiological and phytosanitary quality, and the capability to
promote a high survival rate and vegetative growth after planting [11–13].

The strawberry plants’ vigor can be affected by several factors and the initial diameter
of the crown is one of the essential variables for the development of the plant, and is
directly related to the accumulation and levels of carbohydrates. They alter the productive
characteristics, precocity, and seasonality of production [11,13]. Several studies indicate that
crown diameters above 5.1 mm are not able to increase the successful healing rate of plants
after planting [11], and crown diameters above 8.8 mm allow positive effects for initial and
total fruit production [14]. Other studies also indicate positive correlations between the
plant crown diameter and total fruit production [15–17] and suggest that vigorous plants
are associated with early production [18,19]. It is also emphasized that strawberry cultivars
can behave differently in adverse conditions. It is essential to determine a minimum
and maximum crown diameter standard for different cultivars, with the aim of directing
producers and nurseries towards success in their activities.

Given the above, for the development and growth of the strawberry production chain
in Brazil, it is essential that studies remedy deficiencies concerning quality standards of
bare-root fresh plants produced in the country, as well as determine the crown diameter
ranges, so that higher productive and qualitative indices of fruits can be achieved.

Therefore, the purpose of this study was to evaluate the effect of different crown
diameters of strawberry plants on the production and quality variables of the fruits of the
cultivar Pircinque, cultivated in the mountain region of the state of Santa Catarina, Brazil.

2. Materials and Methods
2.1. Plant Material and Experimental Design

The experiment was conducted during agricultural harvest periods (April 2016 to
January 2017 and April 2017 to January 2018) at the Center of Agroveterinary Sciences
of the State University of Santa Catarina (CAV-UDESC), located in the city of Lages,
mountain region of the state of Santa Catarina, Brazil. The experimental area is located
at the coordinates of 27◦47′ south latitude and 50◦18′ west longitude, and an altitude of
923 m above sea level. According to Köppen classification, the city of Lages has a humid
subtropical mesothermal climate (Cfb) with moderate summers and winters with a high
incidence of frost, having an average annual temperature of 15.6 ◦C and an average annual
rainfall of 1400 mm, well-distributed throughout the year [20]. The local soil is classified
as Haplumbrept [21].

Strawberry plants of the type “bare-root fresh plants” (Figure 1) and the cultivar
Pircinque (Short Day) were classified at five months of age, according to the crown di-
ameters (5, 7, 9, 11, 13, 15, 17, and 19 mm), and thus constituted the eight treatments
evaluated. The plants were produced by a commercial nursery located in the city of São
Francisco de Paula (29◦06′ S, 50◦50′ W, and 900 m altitude), State of Rio Grande do Sul,
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Brazil. The experimental design involved randomized blocks, with four repetitions, and an
experimental unit consisting of 20 useful plants (80 plants per treatment). Conventional
cultivation was carried out in the soil, in a micro tunnel system. Soil correction and basic
fertilization were based on the recommendations for strawberry culture in the Manual of
Fertilization and Liming for the state of Santa Catarina [22], and included adjusting the soil
pH to 6.0, using dolomitic limestone.
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Figure 1. Strawberry plants of the type “bare-root fresh plants” from the cultivar Pircinque, classified
according to different crown diameters.

After the stage of fertilizer incorporation into the soil, the beds were prepared with
the aid of a rotating Enchantress hoe and building beds that were 0.90 m wide and 0.25 m
high. Subsequently, three localized irrigation lines with drippers spaced 0.15 m apart were
installed at each plot. The beds were covered with black polyethylene film with a 30 micron
thickness and a micro tunnel covering system, using a transparent polyethylene film with
a 100 micron thickness [23]. The cultivation technique used in the research is still the most
used productive model among Brazilian strawberry producers [7]. The plant spacing was
30 cm between rows and plants, resulting in a density of 60 thousand plants per hectare.

The planting of plants was conducted in the second half of April of each cycle. Daily ac-
tivities were carried out to open and close the low tunnels, in order to control the plants’
temperature, humidity, and foliar wetting. Fertilization via irrigation (fertigation) was car-
ried out three times a week, providing the following products: Calcium nitrate [Ca(NO3)2]
(9.92 g to 100 plants); magnesium sulfate (MgSO4) (4.55 g to 100 plants); potassium sulfate
(K2SO4) (31.25 g to 100 plants); monoammonium phosphate (MAP) (38.74 g to 100 plants);
and P-51 (fertilizer, a liquid containing approximately 51% of the soil) (up 7.3 mL to
100 plants). The harvests were carried out from September to January of each year and
carried out every 3 to 5 days. The fruits were harvested during the day’s cooler hours, and
when 80% of the fruit epidermis was a uniform red color. Climatic data relating to the
temperature (◦C), relative humidity (%), and precipitation (mm) were monitored through
the meteorological station of the National Institute of Meteorology (Table 1) [24].
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Table 1. Mean values of environmental variables measured in the 2016/2017 and 2017/2018 production cycles.

Mean Temperature
(Tmed; ◦C)

Maximum Temperature
(Tmax; ◦C)

Minimum Temperature
(Tmin; ◦C)

Relative Humidity
(RH; %) Rainfall (mm)

2016/2017

April 18.7 19.2 18.2 84.1 132.4
May 12.3 12.7 11.9 86.6 123.8
June 9.0 9.5 8.4 82.1 25.0
July 11.4 12.0 10.9 82.3 121.2

August 12.5 13.0 11.9 82.0 136.0
September 13.3 13.8 12.7 77.5 110.4

October 15.2 15.7 14.7 83.2 207.8
November 17.3 17.9 16.7 77.0 70.4
December 19.2 19.8 18.6 80.6 154.8

January 20.8 21.5 20.3 80.3 114.8

Average 15.0 15.5 14.4 81.6 119.7

2017/2018

April 15.8 16.4 15.3 83.6 86.4
May 14.5 15.0 14.2 91.0 108.2
June 12.2 12.7 11.8 88.5 90.5
July 11.9 12.5 11.4 81.0 83.4

August 12.7 13.3 12.3 83.9 106.2
September 17.9 18.5 17.3 77.5 26.2

October 16.4 17.0 15.8 78.5 78.6
November 17.1 17.7 16.5 74.2 67.4
December 19.8 20.5 19.3 78.0 150.6

January 19.7 20.3 19.1 82.6 187.2

Average 15.8 16.3 15.2 82.1 98.5

2.2. Analyzed Variables
2.2.1. Productive Parameters

All the fruits of each plot and treatment were harvested. It was possible to estimate
the variable number of fruits per plant (unit Plant−1) by dividing the total number of fruits
harvested by the number of plants present in each experimental unit. The total production
(g plant−1) was obtained by dividing the total weight of the fruits harvested by the number
of plants contained in the plot [25]. The fresh mass per fruit (g fruit−1) was obtained by
dividing the commercial production, in grams per plant, by the number of commercial fruits
in each experimental unit. The percentage of commercial production (%) was estimated by
dividing, in each parcel, commercial production by total production, and then multiplying
the results by 100. For commercial production, they were considered fruits without any
anomalies (considered symptoms of rot and deformity) and fruits with a fresh mass
equal to or greater than 10 g [25]. All weighing measurements were carried out with a
precision digital scale (0.01 g), certified by the National Institute of Metrology, Quality,
and Technology (INMETRO) [26].

2.2.2. Qualitative Parameters

For the variable of fruit quality, we grouped uniform samples of 10 fruits per plot.
Fruit quality analyses were performed four times during the production cycles. The col-
oration parameters of the fruit epidermis were obtained through a digital countertop
colorimeter by Konica Minolta CHROMA METER CR-400 (Made in Japan). For each fruit,
two readings were performed on opposite sides of the equatorial region: By colorimetric
analysis, the variable of lightness (L), which is provided by a scale of 0 to 100, ranging from
low to high of the darker to lighter colors; the chroma (C), which indicates the epidermis’
purity or saturation of color, which can range from 0 to 60, ranging in an ascending order
of the colors, from less saturated to more saturated; and the hue angle (◦hue), which sets
the tone of the skin, ranging from 0 to 360, in which the lowest values correspond to tones
closest to deep red, and higher values indicate tones closer to red-orange.
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The pulp firmness was obtained with a digital countertop penetrometer (Texture
Analyser TA.XT.plusC—made in United States of America), with 6.0 mm diameter tips.
For each fruit, two readings were performed on opposite sides of the equatorial region. The
results were expressed as the Newton force needed to break through the fruit epidermis.
The titratable acidity was obtained with an automatic titrator (TITRONIC® 300—made
in Germany). For each experimental unit, a sample of 5 mL of fruit juice was diluted in
45 mL of distilled water, followed by titration with 0.1 M NaOH solution, until pH 8.1 was
obtained. The results were expressed as a percentage of citric acid per 100 g of fresh fruit
mass. The soluble solids content was determined using a digital countertop refractometer
(Atago PR-101A, with automatic temperature correction—made in Japan). For this purpose,
samples of 20 mL of fruit juice from each plot were used. The results were expressed in
degrees Brix (◦Brix). The soluble solids/titratable acidity ratio was calculated by dividing
the soluble solids content results by the titratable acidity of each plot.

2.3. Statistical Analysis

The resulting data were submitted to an analysis of variance (ANOVA) by the F test,
and in the cases of significance, quadratic polynomial regression analysis was performed.
To better understand the relationship between the variables analyzed concerning the
different crown diameters of the evaluated plants, the averages were submitted to the
principal component analysis (PCA) multivariate procedure [27]. The study also analyzed
the productive seasonality by dividing the total production (g plant−1) by the harvest
months in each treatment. In this procedure, all of the different plant crown diameters and
harvest months were compared, in a factorial scheme, using analysis of variance and the
Scott–Knott test for grouping means, with a 5% error probability. All statistical analyses
were performed using R software [28].

3. Results and Discussion

For the two years of evaluation (2016/2017 and 2017/2018), significant polynomial
regression adjustments were verified for all evaluated variables.

A significant effect was observed for the different plant crown diameters in both
harvests regarding the productive yield parameters. In terms of the number of fruits per
plant, the plants’ increase in the crown diameter resulted in increments for this variable,
which were adjusted in quadratic models in both crop cycles (Figure 2A). In the 2016/2017
harvest, the largest number of fruits per plant (more than 40 fruits) was obtained with
the largest crown diameter (19 mm). Therefore, it is impossible to estimate the curve’s
maximum point. In the 2017/2018 agricultural cycle, a maximum point of approximately
60 plant−1 fruits was obtained for the crown diameter of 15.8 mm. In both production cycles,
the total production per plant increased quadratically with the plants’ crown diameter
(Figure 2B). The highest averages for total production were obtained with the largest
evaluated crown diameter of 19 mm, being 650 g plant−1 for the 2016/2017 harvest and
815 g plant−1 for the 2017/2018 harvest. It was possible to find a minimum point indicating
that significant results require crown diameters greater than 14.0 and 12.2 mm for the
respective harvests.

The increase in the number of fruits and the highest product performance in this study
(Figure 2A), with the increase in plant crown diameters, has already been obtained by other
authors, who have verified an increase in the number of fruits in strawberry plants using
plants with crown diameters between 15 and 17 mm [29]. One of the principal explanations
is that larger diameter plants, besides having a higher energy reserve in the form of starch,
have a high number of buds capable of differentiating into flowers and fruits [14], resulting
in increases in the number of fruits per plant and total production. These authors also
verified higher productive yields in two evaluation cycles for plants with a larger crown
diameter (>10 mm) than plants with a smaller crown diameter, corresponding to an 18%
and 27% increment, for the first and second harvests, respectively. They also verified a 17%
increase in total production in plants with a diameter between 10 and 17 mm, compared to
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plants with a diameter of less than 10 mm [12]. With larger plants, there is an increase in
the plant’s biomass, which favors its photosynthetic machinery [30].

Agronomy 2021, 11, x FOR PEER REVIEW 6 of 16 
 

 

explanations is that larger diameter plants, besides having a higher energy reserve in the 
form of starch, have a high number of buds capable of differentiating into flowers and 
fruits [14], resulting in increases in the number of fruits per plant and total production. 
These authors also verified higher productive yields in two evaluation cycles for plants 
with a larger crown diameter (>10 mm) than plants with a smaller crown diameter, corre-
sponding to an 18% and 27% increment, for the first and second harvests, respectively. 
They also verified a 17% increase in total production in plants with a diameter between 
10 and 17 mm, compared to plants with a diameter of less than 10 mm [12]. With larger 
plants, there is an increase in the plant’s biomass, which favors its photosynthetic machin-
ery [30]. 

 
Figure 2. The number of fruits per plant (A) and the total production (B) of strawberry plants cv. ‘Pircinque,’ according to 
different plant crown diameters (5, 7, 9, 11, 13, 15, 17, and 19 mm) in the 2016/2017 and 2017/2018 production cycles. 

The higher accumulation of biomass in plants is related to a higher density of foliage, 
which raises the productive capacity to a limited extent. When the optimal leaf area index 
is reached, the plant’s ability to intercept light energy is favored, thus increasing organic 
compound production through photosynthesis, resulting in increased production [31]. 
Moreover, larger strawberry plants also result in plants with a more vigorous root system, 
allowing a higher absorption of water and nutrients by plants [32], which also benefits 
their production yield. 

The crowns have the function of regulating the metabolic activities of strawberry 
plants [33]. They are also the plant’s main energy storage organ, accumulating reserve 
substances inside, notably starch [34]. Therefore, the use of vigorous plants is an ad-
vantage, mainly during the initial fruiting period, since part of the initial production is 
dependent on the accumulation of reserves in the crown during plant development 
[12,14]. The crowns’ number and diameter also serve as parameters for estimating straw-
berry plant production [35]. 

In the 2016/2017 cycle, there was an increase in the average mass of commercial fruits, 
with positive quadratic behavior and a maximum point of 21.43 g fruit−1, obtained for the 
plant crown diameter of 11.8 mm (Figure 3A). In the 2017/2018 harvest, there was a small 
decrease in the fresh mass of commercial fruits using more vigorous plants, estimated at 
a minimum point of 17.75 g fruit−1, for the diameter of 15.9 mm. The sharpest decrease in 
fresh fruit mass in the 2016/2017 cycle, after the maximum point, may be related to the 
increase in the number of fruits, leading to an increase in competition among fruits by 
assimilates, resulting in a reduction in the average mass [36]. 

The percentage of commercial production exhibited a small amount of variation be-
tween the different treatments. However, there was a significant difference between them 
(Figure 3A). In both harvests, positive quadratic curves were obtained for this variable. 
However, in the 2016/2017 harvest, the commercial fruit production amount was higher 
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different plant crown diameters (5, 7, 9, 11, 13, 15, 17, and 19 mm) in the 2016/2017 and 2017/2018 production cycles.

The higher accumulation of biomass in plants is related to a higher density of foliage,
which raises the productive capacity to a limited extent. When the optimal leaf area index
is reached, the plant’s ability to intercept light energy is favored, thus increasing organic
compound production through photosynthesis, resulting in increased production [31].
Moreover, larger strawberry plants also result in plants with a more vigorous root system,
allowing a higher absorption of water and nutrients by plants [32], which also benefits
their production yield.

The crowns have the function of regulating the metabolic activities of strawberry
plants [33]. They are also the plant’s main energy storage organ, accumulating reserve
substances inside, notably starch [34]. Therefore, the use of vigorous plants is an ad-
vantage, mainly during the initial fruiting period, since part of the initial production is
dependent on the accumulation of reserves in the crown during plant development [12,14].
The crowns’ number and diameter also serve as parameters for estimating strawberry plant
production [35].

In the 2016/2017 cycle, there was an increase in the average mass of commercial fruits,
with positive quadratic behavior and a maximum point of 21.43 g fruit−1, obtained for the
plant crown diameter of 11.8 mm (Figure 3A). In the 2017/2018 harvest, there was a small
decrease in the fresh mass of commercial fruits using more vigorous plants, estimated at a
minimum point of 17.75 g fruit−1, for the diameter of 15.9 mm. The sharpest decrease in
fresh fruit mass in the 2016/2017 cycle, after the maximum point, may be related to the
increase in the number of fruits, leading to an increase in competition among fruits by
assimilates, resulting in a reduction in the average mass [36].

The percentage of commercial production exhibited a small amount of variation
between the different treatments. However, there was a significant difference between
them (Figure 3A). In both harvests, positive quadratic curves were obtained for this variable.
However, in the 2016/2017 harvest, the commercial fruit production amount was higher
than in the 2017/2018 harvest. This is possibly due to the higher number of fruits per plant
obtained in the 2017/2018 cycle, which resulted in a higher production of fruits below the
commercial standard of 10 g per fruit, due to the need to distribute the assimilates to a
larger number of fruits. The maximum percentage of commercial production was obtained
with the diameters of 12.06 mm for 2016/2017 and 12.16 mm for 2017/2018, with values of
91.8% and 79.7%, respectively.
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Other studies also reported productivity increases followed by a decrease in the
average mass of fruits with the use of more vigorous strawberry plants, with an increase in
the number of fruits and yield, but without an increase in the average weight of fruits with
the use of bare-root plants with a diameter above 10 mm [14].

In the 2016/2017 harvest, the percentage of commercial fruits increased with more
vigorous plants, up to a crown diameter of 12.5 mm, with an estimated 92% of commercial
production (Figure 3B). In the 2017/2018 cycle, the maximum value for this variable
was estimated to be 79% for the plant diameter of 12 mm. The commercial production
percentage suffered small reductions from the crown diameter of 15 mm and higher due to
increased fruit production, with less than 10 g in both harvests. The use of more vigorous
strawberry plants usually results in plants with less stress, making them less susceptible
to attacks by pathogens [30]. The crown diameter is one of the main parameters of the
plant quality [12], and plants with a high physiological quality lead to high commercial
fruit yields [32].

Regarding the fruit quality parameters, decreases in the titratable acidity were ob-
served using plants with a larger crown diameter for the two harvests that were part of this
study. The curves were aligned to quadratic models (Figure 4A). In the 2016/2017 harvest,
the minimum value was obtained for the diameter of 14 mm, with an estimated value of
0.54% citric acid. In the 2017/2018 agricultural cycle, the use of more vigorous plants also
resulted in a decrease in the titratable acidity, but one that was less pronounced, with a
minimum value for the 13.8 mm diameter (0.58% citric acid). The titratable acidity, together
with the sugar content, makes up the taste of the fruits. However, when the acidity is high,
the sugar content must be as well, so that there is no compromise in consumer fruit taste
and acceptance [37]. Therefore, for the market acceptance regarding the taste, a balance in
the soluble solids/titratable acidity ratio is necessary. In the 2016/2017 harvest, there was
a reduction in acidity values when the crown diameters increased and a simultaneous
increase in soluble solids (Figure 4B), increasing the soluble solids/titratable acidity ratio
(Figure 5A). Therefore, in this harvest, the fruits were tastier due to increased sugar levels,
resulting in sweeter fruits.
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For the soluble solids content, quadratic increases were observed when using larger
plants, but with different intensities, for the two analyzed harvests (Figure 4B). In the
2016/2017 production cycle, the maximum estimate for the sugar concentration (9.2◦ Brix)
was obtained with the diameter of 17.9 mm. In the 2017/2018 harvest, the maximum
content of soluble solids (9.3◦ Brix) was obtained with the plant diameter of 11.6 mm.
The soluble sugar content in fruits is due to several polysaccharides from the photosynthesis
process, mainly glucose, fructose, and sucrose. During fruit ripening, the production and
concentrations of these compounds increase, and the reserve starch is converted into simple
carbohydrates, which are soluble in water [38]. This is a possible explanation for why more
vigorous plants resulted in sweeter fruits in the present study, highlighting the importance
of having plants with an excellent physiological quality and high crown caliber, as well as
those that are richer in terms of the carbohydrate reserve [13].

As for the soluble solids/titratable acidity ratio, there were also significant effects
due to the different plant sizes, with positive quadratic behavior in both crops (Figure 5A).
In the 2016/2017 cycle, the maximum value for this variable (16.4) was found for the plant
crown diameter of 15 mm (Figure 5A). In the 2017/2018 harvest, the maximum value (16.5)
was obtained for the plant diameter of 11.6 mm. In this cycle, the soluble solids/titratable
acidity ratio averages were lower than in the 2016/2017 cycle. This was the case because,
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in the 2017/2018 harvest, both the reduction in the titratable acidity and the increase in the
sugar content in fruits, resulting from the use of more vigorous plants, occurred at lower
intensities when compared to the 2016/2017 cycle (Figure 4A,B). Therefore, there were
lower estimates of the soluble solids/titratable acidity ratio (Figure 5A).

The soluble solids/titratable acidity ratio is one of the most important fruit quality
parameters. It allows us to verify the existing balance between the concentration of sugars
and acidity, making this parameter more representative than isolated estimates of the
titratable acidity and soluble solids content [39].

For the fruit pulp’s firmness, there was also a significant effect provided by the use
of plants with different crown diameters, and quadratic regression curves were obtained
for both crop cycles (Figure 5B). In the 2016/2017 harvest, there was an increase in pulp
firmness values, up to the estimated average of 5.86 N, corresponding to the crown diameter
of 10.5 mm. However, for crown diameters above 13 mm, a sharp decrease in the averages
was obtained for this variable, reaching 4.74 N for the largest crown diameter evaluated
(19 mm). In the 2017/2018 cycle, the regression curve obtained resulted in a minimum
value of 5.35 N for the plant crown diameter of 15 mm. In this harvest, the oscillation in
fruit pulp’s firmness averages provided by the different crown diameters of the plants was
much lower than in the previous cycle.

In strawberry production, the fruits’ pulp firmness is one of the most relevant char-
acteristics to take into account. Fruits with firmer pulp are usually better accepted by
consumers, more resistant to transport, have a longer shelf life after harvest [40], and are
more resistant to rot caused by pathogens [36]. This requires combining the fruits’ taste
attributes (balance between sweetness and acidity) with appropriate pulp firmness values
to ensure marketing and maintenance of the fruits’ quality for the longest possible period
post-harvest.

Three variables, considered separately, were employed to evaluate the epidermis col-
oration. Both production cycles (2016/2017–2017/2018) showed similar behavior. For the
variable luminosity of epidermis (Figure 6A), a greater luminosity was observed in the
fruit of plants with a crown diameter of 5 and 7 mm, (>40.0). Plants with a crown diameter
of 13 mm generated lower luminosity values, being between 38.6 and 39.2. The luminosity
ranges from 0 to 100, from darker colors (smaller values) to lighter colors (larger values).

For the variable chroma or epidermis’ color saturation (Figure 6B), higher averages were
observed in fruits from plants with a crown diameter between 5 and 9 mm, with averages
higher than 49.0; that is, epidermis with a purer or saturated color. Lower chroma averages
were found in the fruits from plants with crown diameters between 15 and 19 mm (averages
between 48.0 and 48.5). As for the hue angle (Figure 6C), which determines the epidermis’
color tone, the highest values were found in fruits produced from plants with a diameter
of 5 mm, with an average of 36.4 in the first production cycle (2016/2017), and 36.0 in the
second (2017/2018). In fruits from plants with a diameter of 13 mm, the lowest hue angle
values were observed (33.8 in the first production cycle and 33.6 in the second cycle).

Considering the three variables of coloration together, it is possible to observe that in
the fruits that had the lightest epidermis, with the highest luminosity averages, the satu-
ration was also higher, that is, a more vivid color, and also a shade closer to light red or
orange. The external epidermis color of strawberry fruits is one factor that most influences
the consumers’ purchase intention and fruits with more intense, bright red coloration and
free of defects tend to be more desirable in the in natura consumer market [37].

Pigments belonging to the anthocyanin group are responsible for the red color in straw-
berry fruits [41]. The main anthocyanins in strawberry fruits are pelargonidin 3-glucoside
and cyanidin 3-rutinoside, with the former being present at a higher concentration [42].
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In the principal component analysis (Figure 7), the first two components represented
92.2% of the variation obtained (63.8% for Axis 1 and 28.4% for Axis 2), allowing the
treatments’ graphical dispersion and variables to be analyzed in a two-dimensional graph
(Figure 7). The main component 1 was related to the variable soluble solids/titratable
acidity ratio, soluble solids content, number of fruits per plant, hue angle of the fruit
epidermis, chroma, luminosity, total production, and titratable acidity (Figures 7 and 8).
Plant crown diameters of 17 and 19 mm were the most strongly correlated with the total
production and number of fruits per plant (Figure 7). The 15 mm treatment, in turn, was
closely related to the soluble solids content and the soluble solids/titratable acidity ratio.
On the other hand, the smaller crown diameters evaluated (5 and 7 mm) were related to
higher titratable acidity, luminosity, chroma, and hue angle values.

On the other hand, the variables commercial fruits’ average mass, percentage of
commercial production, and pulp firmness were responsible for most of the variation
present in the main component 2 (Figures 7 and 8). Plant crown diameters of 9, 11, and
13 mm were the treatments most closely related to these variables (Figure 7).
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In a general approach to the analysis of the main components, it is possible to affirm
that the plant crown diameters from 15 to 17 mm were closely related to the most important
agronomic characteristics for the strawberry crop (productivity, soluble solids/acidity
ratio, and pulp firmness). The plants with the largest evaluated crown diameter (19 mm)
were related to the highest yields in the two evaluation cycles and high ratios between the
soluble solids content and titratable acidity. However, a sharp drop in the pulp firmness
values occurred in the 2016/2017 harvest, when plants with a 19 mm crown diameter were
used (Figure 5B), which suggests that new studies need to be carried out to investigate the
feasibility of using plants with this caliber, for the cultivar ‘Pircinque’.

As a multivariate analysis modality, the analysis of main components is a handy
tool in agricultural research in terms of identifying the most recommended treatments,
taking into account the largest number of possible variables [43]. Therefore, this type of
analysis often supports more precise conclusions being drawn from a research project’s
result than the exclusive use of univariate analyzes, which often leave doubts in terms
of the most effective treatments measurement [44]. This can be especially important in
the case of a crop such as strawberry, in which the yield and fruit quality parameters are
equally relevant [36,40].
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The use of plants of different calibers provided different results for the seasonality of
the strawberry plants cv. ‘Pircinque’ total production, for both harvests studied. There was
an interaction between plant crown diameters and harvest months (Tables 1 and 2). In the
2016/2017 cycle, the largest productions occurred in November for most of the treatments
evaluated (Table 2). Exceptions were the plant crown diameter of 7 mm, with the largest
yields in November and December, with no significant difference between these months,
and the diameter of 19 mm, with the highest averages in October, November, and December.
In the 2017/2018 cycle, the highest total productions were obtained in October for most of
the treatments evaluated (Table 3). The exception was the crown diameter of 5 mm, with
the highest production in November.

Taking into account the influence of plant crown diameters within each harvest month,
it was found that, in the two harvests studied, the use of more vigorous plants resulted in a
higher precocity in the productive phase; that is, significantly higher yields compared to
smaller diameter plants at the beginning of each harvest (Tables 2 and 3). In the 2016/2017
cycle, for example, for the first month of harvest (September), the yields with crown
diameters of 17 and 19 mm were significantly higher than those of the other plant sizes.
In October 2016, the largest diameter plants (19 mm) provided the most significant results,
differing from other treatments. On the other hand, in November of that year, there was
no significant influence of the plant sizes on the production averages, while in December,
the crown diameter of 19 mm resulted in the largest productions. In January, corresponding
to the final phase of the productive period, the different plant sizes provided similar
productivity results.
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Table 2. Productive seasonality of strawberry plants cv. ‘Pircinque’, from plants with different crown
diameters, in the agricultural cycle of 2016/2017.

Treatment SET OCT NOV DEC JAN Average

5 mm 7.0 dD * 53.8 cD 132.7 aB 92.6 bC 85.9 bA 74.4
7 mm 6.8 cD 87.8 bC 158.6 aB 129.1 aB 66.3 bA 89.7
9 mm 16.6 eC 93.4 cC 178.0 aA 135.0 bB 66.3 dA 97.9

11 mm 24.7 dC 105.3 bC 195.8 aA 111.9 bC 70.2 cA 101.6
13 mm 32.0 cB 139.6 bB 184.1 aA 109.2 bC 49.3 cA 102.8
15 mm 41.9 cB 128.9 bB 182.9 aA 133.0 bB 53.5 cA 108.0
17 mm 49.3 cA 136.0 bB 185.2 aA 125.9 bB 56.4 cA 110.6
19 mm 62.5 bA 203.5 aA 187.6 aA 171.5 aA 62.7 bA 137.6

Average 30.1 118.5 175.6 126.0 63.8

CV 11.21
* Averages followed by the same lowercase letters in the rows, and uppercase letters in the columns, belong to the
same group, as determined by the Scott–Knott test, with a 5% error probability.

Table 3. Productive seasonality of strawberry plants cv. ‘Pircinque’, from plants with different crown
diameters, in the agricultural cycle of 2016/2017.

Treatment SET OCT NOV DEC JAN Average

5 mm 23.7 dB * 144.6 bC 199.2 aA 145.5 bA 79.3 cA 118.5
7 mm 36.9 dB 222.1 aA 175.5 bA 148.6 bA 68.1 cA 130.2
9 mm 58.6 cA 202.1 aB 125.0 bA 152.3 bA 63.8 cA 120.3

11 mm 59.1 cA 242.7 aA 172.4 bA 156.9 bA 56.6 cA 137.5
13 mm 65.4 cA 241.8 aA 172.6 bA 152.9 bA 66.3 cA 139.8
15 mm 78.0 cA 271.0 aA 187.4 bA 182.6 bA 67.1 cA 157.2
17 mm 64.0 cA 288.0 aA 163.5 bA 183.9 bA 70.4 cA 154.0
19 mm 86.4 cA 298.0 aA 177.7 bA 188.4 bA 71.9 cA 164.5

Average 59.0 238.8 171.7 163.9 67.9

CV 12.06
* Averages followed by the same lowercase letters in the rows, and uppercase letters in the columns, belong to the
same group, as determined by the Scott–Knott test, with a 5% error probability.

In the 2017/2018 harvest, for the first month of the harvest (September), the use of
plants with a crown diameter of 9 mm or higher provided higher production averages
than smaller plants (5 and 7 mm). In the second month of that harvest (October), plants
with any crown diameter from 7 mm resulted in higher yields than plants with a crown
diameter of 5 mm. On the other hand, in November, December, and January, the caliber
had no significant influence on the total production.

When analyzing both harvests together regarding the productive seasonality, one
of the most important results was that larger caliber plants favored higher yields in the
first two months of each harvest, namely, a higher productive precocity. The early pro-
duction of fruits in the strawberry plants is directly correlated with the plant quality at
planting [32]. Among the factors related to the quality of the plants that most influence
the strawberry plant production and precocity, the crown diameter, the mass of the aerial
part, and the quality and volume of the root system stand out [45]. In plants with a smaller
crown diameter, the peak production is observed later when compared with plants with a
larger diameter.

4. Conclusions

Plants with large crown diameters provide superior results regarding the productive
performance of strawberry plants cv. ‘Pircinque’, and improve the quality of the harvested
fruits, compared with less vigorous plants.

The use of plants with crown diameters of 15 and 17 mm leads to higher yields and
precocity values, and a high physical-chemical quality of the fruits.
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The use of strawberry plants with a diameter of less than 9 mm promotes a decrease
in the production capacity and a delay in the start of production.

For strawberry plants of the type “bare-root fresh plants” of cultivar ‘Pircinque’, it is
recommended that plants with a crown diameter greater than 9 mm are used.
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Abstract: The productivity and quality of strawberries in southern Brazil are affected by the lack
of cultivars adapted to different regions and by their susceptibility to diseases. This study aims to
evaluate the resistance of cultivars and genotypes to mycosphaerella leaf spot (MLS) and powdery
mildew (PM) and the quantitative and qualitative fruit agronomic parameters (FAP) of strawberries
in southern Brazil during the 2019/2020 and 2020/2021 growing seasons. The incidence and severity
of MLS and PM were evaluated from the beginning of symptoms appearances until harvest. Cultivars
and genotypes were compared based on the area under the incidence (AUIDPC) and severity
(AUSDPC) disease progress curves and the quantitative and qualitative FAP. The data were subjected
to analysis of variance, and multivariate analysis was performed using principal component analysis
(PCA). The cultivars Irma, Bellalinda, Kiara, Jonica, and Pircinque exhibited the lowest values
of AUIDPC and AUSDPC, demonstrating the highest resistance to MLS and PM. The cultivars
Kiara, Jonica, and Pircinque, along with genotype FRF LAM 119.1, showed the best qualitative and
quantitative FAP. However, the FRF LAM 119.1 genotype exhibited the highest values of AUIDPC
and AUSDPC, indicating high susceptibility to MLS and PM. CPA data indicated that the cultivars
Kiara, Jonica, and Pircinque had the highest level of resistance, which was associated with the highest
total fruit yield and the best fruit quality in terms of skin color and flavor balance. Kiara, Jonica,
and Pircinque proved to be good options for strawberry production in southern Brazil, combining
resistance to MLS and PM with good FAP.

Keywords: Fragaria x ananassa Duch.; Mycosphaerella fragariae; Sphaerotheca macularis f. sp. fragariae;
diseases intensities; fruit quality

1. Introduction

Strawberry (Fragaria x ananassa Duchesne) is one of the most economically important
small fruit crops [1]. Interest in the crop has led to an approximately 40% increase in
the total amount of land under strawberries from 2018 to 2021 worldwide, resulting in
a 46% increase in production to approximately 12 million tons [2]. The main Brazilian
strawberry-producing poles are located between the 20◦ and 32◦ south latitude parallels [3].
Due to the country's high edaphoclimatic diversity, the small number of cultivars available
to producers is one of the main difficulties for strawberry development [3,4]. Therefore, it is
important to encourage national genetic improvement programs, as well as the introduction
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of new strawberry cultivars developed in other countries [3,4]. In the last seven years, ten
new cultivars were registered on the National Cultivar Registry (NCR) of the Agriculture,
Livestock and Supply Ministry (ALSM), namely, ‘Cristal’ (2010), ‘Flórida Fortuna’ (2011),
‘Sabrina’ (2012), ‘Benicia’ (2013), ‘Florida Elyana’ (2013), ‘Mojave’ (2013), ‘Sweet Ann’
(2013), and ‘PRA Estiva’, ‘Jonica’ and ‘Pircinque’ in 2016 [2]. Strawberry production is
concentrated in the Albion, San Andreas, and Camarosa cultivars, which together represent
approximately 60% of fruit crops. Due to the large geographic area where strawberry
is cultivated and due to the different specific conditions of each location, there are few
cultivars used by producers [5]. There is a lack of cultivars adapted for the different
cultivation locations and for the various cultural techniques that are used by the producers,
as all the cultivars used for fruit production come mainly from United States genetic
improvement programs. So, there are no cultivars fully developed and evaluated especially
for the Brazilian climate and soil conditions [5].

The increase in strawberry production has been accompanied by some productive
challenges for the producers, especially in southern Brazil. Lack of cultivars adapted to
different growing regions and susceptibility to the main strawberry diseases in Brazil are
some of these challenges [3]. In southern Brazil, most of the strawberries are produced
in metropolitan areas and are harvested at the end of winter (July–August) and/or early
spring (September/October). However, the highland regions of southern Brazil show good
production during the summer period, from December to March [4].

Because of the lack of suitable materials for cultivation in the southern region of
Brazil, most strawberry producers use imported cultivars chosen for their suitability for the
photoperiod and temperature of the region [4]. Most imported cultivars are not adapted
to local edaphoclimatic conditions; therefore, they do not fully express their agronomic
potential for production and disease resistance. These imported cultivars, when grown in
southern Brazil, exhibit some favorable characteristics, including high productivity, average
fruit mass, and pulp firmness. However, they lack flavor and production alternation and
are susceptible to major diseases, such as MLS and PM [3]. MLS and PM are caused by
the fungi Mycosphaerella fragariae (Tul.) Lindau (anamorph: Ramularia brunnea Peck, syn. R.
tulasnei Sacc) and Sphaerotheca maculata f. sp. fragariae, syn. Podosphaera aphanis (Wallr.) U.
Braun and S. takam (syn. S. macularis [Wallr.: Fr.] Jacz. f. sp. fragariae Peries), respectively.
These diseases occur widely in all strawberry-producing regions and, if uncontrolled,
can attack a large portion of the leaf area, drastically reducing the plant’s photosynthetic
capacity. The reduction in photosynthesizing area caused by spots and mycelial growth
can lead to losses ranging from 10% to 100%, depending on the variety’s susceptibility and
environmental conditions [5–7].

MLS appears as small, round, dark purple spots with a whitish center [7,8]. Favorable
conditions for M. fragarie infection are a temperature of 18–25 ◦C, relative humidity greater
than 98%, and a minimum wetting period of 12 h [9]. Under these climatic conditions, the
spots can coalesce, causing leaf burn and potentially infecting petioles, calyxes, and fruits.
The spread of M. fragarie conidia occurs through water splashing (rainfall or irrigation).
The fungus can survive in the form of conidia in lesions on live leaves, sclerotia, and
ascospores, which are formed in crop residues [10]. PM can occur on leaves, flowers, and
fruits, reducing photosynthesis and causing necrosis and defoliation. On leaves, signs of
disease appear as white spots formed by mycelia and spores with a powdery appearance
on the lower surface. Leaf petioles, flower peduncles, and fruits also show white powdery
growth of S. maculata f. sp. fragariae. Most of the structures of S. maculata f. sp. fragariae
remain outside the infected tissue. Temperature conditions between 15 ◦C and 25 ◦C and
relative humidity higher than 75% and lower than 98% favor conidia germination and germ
tube elongation [11].

Effective control of MLS and PM requires an integrated disease management system
(IDM) that combines various cultural, genetic, physical, biological, and chemical control
methods. IDM can reduce or eliminate crop damage and, most importantly, fruit damage.
The use of adapted and resistant cultivars is the most efficient strategy for controlling
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MLS and PM. Therefore, the development of genetic improvement programs and the
introduction of new cultivars in strawberry-producing regions in Brazil are essential. In
these programs, the adaptability potential of imported cultivars and genotypes under
study should be compared with that of newly introduced cultivars. Santa Catarina State
University (UDESC) has been developing a strawberry breeding program in partnership
with Centro di Olivicoltura, Frutticoltura e Agrumicoltura (CRE-OFA-FRF) in Forlì, Italy
since 2012. Therefore, this study aims to evaluate the resistance of cultivars and genotypes
to MLS and PM and quantitative and qualitative FAP under the edaphoclimatic conditions
of the highland region of Santa Catarina State, southern Brazil, during the 2019/2020 and
2020/2021 growing seasons.

2. Materials and Methods
2.1. Meteorological Observations

Experiments were conducted in Lages Municipality (27◦47′05′ ′ S, 50◦18′08′ ′ W), at
an altitude of 922 m above sea level, in Santa Catarina State, southern Brazil, during the
2019, 2020, and 2021 growing seasons. According to the Köppen classification [12], the
climate of the region is subtropical humid mesothermal Cfb, and the soil type is clay
auric cambisol [13]. The average annual temperature and rainfall are around 15.6 ◦C
and 1500 mm, respectively. Daily rainfall, relative humidity, and hourly temperatures
were recorded from May to December for three growth seasons from 2019 to 2021 by the
Santa Catarina Hydrology and Environmental Resources Center (Epagri, Florianópolis, SC,
Brazil). The weather station (Onset Computer Corp., Procasset, MA, USA; Davis Pro2-6153)
was 500 m away from the experimental beds.

2.2. Plant Materials

Treatments consisted of 15 strawberry cultivars and genotypes, including 7 genotypes,
FRF PIR 256.4, FRF PIR 79.6, FRF PIR 75.8, FRF 57.6, FRF 191.2, FRF LAM 119.1, and
FRF LAM 263.1, from the UDESC and advanced Italian selections of CREA-FRF (Italy)
breeding program and five cultivars, Randoce (crossing between Chandler × Sel. 91.143.5
(86.288.1 × Cortina), Bellalinda (crossing between Ventana × selection PIR 04.133.1), Kiara
(crossing between Nora × selection PIR 04.55.18), Jonica (selection PIR 04.72.21—crossing
between Rosalinda × Demetra (Irvine × Tudla), and Pircinque (selection PIR 04.228.05—
crossing between the cultivars Nora × Ventana), two cultivars of American origin, Albion
(crossing between cultivar Diamante × advanced selection Cal 94.16-1) and San Andreas
(crossing between cultivar Albion × advanced selection Cal 97.86-1), and one cultivar
of Italian origin, Irma (crossing between Camerosa × selection Cal 95.17-4). Strawberry
seedlings used in all experiments were grown, field-collected, and rooted in 72-cell trays
in a commercial nursery in the Farroupilha Municipality of Rio Grande do Sul State,
southern Brazil.

A conventional soil cultivation system with low tunnels was used in an experimen-
tal randomized block design with four replications and 11 plants in each experimen-
tal unit. Strawberry seedlings were planted by hand in May from 2019 to 2021. Soil
correction and fertilization were performed in accordance with the results of soil anal-
ysis [14]. Fertilization was performed weekly with fertigation, which included calcium
nitrate (9.92 g/100 plants−1), monoammonium phosphate (38.74 g/100 plants−1), P51
(liquid fertilizer containing 51% phosphorus) (7.3 mL/100 plants−1), magnesium sulfate
(4.55 g/100 plants−1), and potassium phosphate (31.25 g/100 plants−1).

The experimental beds measured approximately 0.90 × 33 × 0.15 m (L × C × H)
for each cultivar and genotype. The beds were covered with 30-micron thick black
polyethylene plastic (mulching). Strawberry plants were grown in three rows in a “V” or
quinconic system with 30 cm between plants and 60,000 plants per ha. A drip irrigation
system was used with a spacing of 0.15 m between drippers, a flow rate of 1.5 l/h, and
3 hoses per bed.
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Pest and disease control was conducted using crop-specific products. The Acaricide
abamectin, insecticide thiamethoxan, and fungicides methyl thiophanate (only before
harvest), fluazinam, iprodione, pyrimethanil, and azoxystrobin + difenoconazole were also
used. First, sprays were applied when blossoms opened, and spraying was repeated every
7–14 days, depending on the rainfall conditions. Spraying ended at harvest. Weeds were
controlled by weeding between the beds and manual tillage in the planting pits. Old and
diseased leaves were removed using pruning shears. Beginning at the end of August and
continuing until the middle of February the following year, strawberries were harvested
every 3 days when the fruits displayed an epidermis with approximately 70–80% red color.

2.3. Disease’s Assessment

The MLS and PM incidence and severity were assessed biweekly from the first ap-
pearance of symptoms until harvest, considering that the average life span of leaves is
approximately 60 days [15]. Thus, a total of four evaluations were performed per leaf
in each evaluation cycle, and these were recorded on the 15th, 30th, 45th, and 60th day
after the first appearance of symptoms. Four plants were evaluated for each cultivar and
genotype, totaling 60 evaluated plants. New young leaves were marked every 60 days,
which was regarded as the evaluation cycle. Two evaluation cycles were performed during
the 2019/2020 and 2020/2021 growing seasons. The pathogens M. fragarie and S. mac-
ulata f. sp. fragariae occurred endemically in cultivation areas without the necessity of
artificial inoculation.

The MLS incidence was calculated as the number of leaves with at least one lesion in
relation to the total number of infected leaves on each plant and all plants of the plot using
Equation (1):

Incidence =
NS
NT

× 100, (1)

where NS = Number of symptomatic leaves and NT = Number of total leaves per plant.
The PM incidence (PMI) was derived from the severity data by classifying a leaf as

diseased when its severity was >0 [16]. The MLS and PM severity were assessed by the
percentage of the infected leaf area using the diagrammatic scale proposed by [17,18],
which assigns scores from 1–5 and 0–3, where 1 = 0 to 0.11%; 2 = 0.12 to 0.51%; 3 = 0.52
to 2.4%; 4 = 2.5 to 10.2%; and 5 = >34.9%; and 0 = (0%), 1 = 1 to 25%, 2 = 26 to 50%,
and 3 = >51%, respectively. The three youngest fully expanded leaves of each plant were
evaluated, resulting in an MLS and PM index (DI) of 1–5 and 1–3, respectively. The disease
index was calculated as the average of scores assigned to the leaves of each evaluated plant.

The MLS and PM incidence and severity data were used to plot progress curves for
the diseases, as proposed by [19], and the areas under incidence (AUIDPC) and severity
(AUSDPC) disease progress curves were calculated. Percent incidence and severity data
were transformed to arcsine multiplied by the square root of the percentage to normalize
the data [20]. AUDPC was calculated using Equation (2):

AUDPC = ∑ (li + l (i + 1))/2 × (T (i + 1) − Ti) (2)

where li = disease incidence or severity at evaluation date (i); l (i + 1) = disease incidence or
severity at the subsequent evaluation; Ti = plant age (days) at the evaluation time (15th,
30th, 45th, and 60th days after the first evaluation); and T (i + 1) = plant age (days) during
the subsequent evaluation. These areas represent the trapezoidal integration severity [21].

2.4. Fruit Agronomic Parameters

Strawberries were harvested from August to February of each growing season, and
quantitative and qualitative FAP (fruit agronomic parameters) were evaluated once a
month during each evaluation cycle and growing season. The quantitative and qualitative
FAP were characterized using the fruit number, weight, and epidermis luminosity (L*),
epidermis chroma (C*), hue angle (◦hue), fruit pulp firmness (FPF) (g/fruit−1), soluble
solids (SS) (◦Brix), titratable acidity (TA) (g. 100 g citric acid), and soluble solids/titratable
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acidity ratio (SS/TA) per plot and treatment, respectively. The physicochemical analysis
was performed using uniform samples of 10 fruits per repetition at each new plant flowering
for a total of 4 analyses per plant and evaluation cycle. The physicochemical analyses were
performed in accordance with the following methodologies:

(a) Texture Analyzer TA texturometer (Stable Micro Systems Ltd., Vienna Court, UK)
was used to measure the L*, C*, ◦hue (color angle), and FPF parameters expressed
in grams;

(b) SS was measured using a digital refractometer and expressed as the sugar concentra-
tion in fruits (◦Brix);

(c) TA was measured using an automatic Titronic (titrator®) with 5 mL of juice in 45 mL
of distilled water and titration in a sodium hydroxide solution (0.1 N) at pH 8.1;

(d) SS/TA ratio was calculated as the ratio of SS content to that of TA.

2.5. Statistical Analysis

Statistical analyses were performed using data from harvests in 2019, 2020, and 2021
and were performed using the Shapiro–Wilk normality test and Bartlett test, using Software
R, version 4.1.2 (R Core Team, 2013) via the Action Stat interface. Univariate analysis
was performed using analysis of variance and the Scott–Knott test with a 5% probability
of error using the statistical program SISVAR, version 5.6 [22]. Principal component
analysis (PCA) for multivariate analysis was performed in R. PCA is an unsupervised
learning algorithm that summarizes and visualizes data based on multiple inter-correlated
quantitative variables. To support PCA, a nonhierarchical cluster analysis of K-means was
used to determine possible cultivars and genotype groups. The optimal number of clusters
to be calculated by K-means analysis was estimated using the silhouette method.

3. Results
3.1. Environment Conditions

During the two strawberry evaluation cycles (May–July and July–September) of the
2019/2020 and 2020/2021 growing seasons, the average temperature and total rainfall
were 16.6 ◦C and 631 mm and 16.7 ◦C and 664 mm, respectively (Figure 1). Generally,
there were no significant differences in the average temperature and rainfall distribution
between the 2019/2020 and 2020/2021 growing seasons. There were three rainfall peaks
during the 2019/2020 growing season: at the beginning of May (128 mm), the end of June
(252 mm), and the beginning of September (171 mm). Similarly, three precipitation peaks
were recorded for the following season, 2020/2021 (Figure 1). Environmental conditions,
including frequent rainfall, mild temperatures, and sustained humidity during the two
evaluation cycles, from May to September, provided long periods of wet leaves conducive
for M. fragariae and S. macularis f. sp. fragariae infections, especially in susceptible cultivars
and genotypes. MLS and PM were present in the experimental beds and areas in previous
years, and their occurrence was not necessarily due to artificial inoculation.
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Figure 1. Rainfall (mm day−1), relative humidity (%), and minimum, average, and maximum
temperatures (◦C) recorded at São Joaquim/SC municipality from May to September of the 2019–2020
(A) and 2020–2021 (B) growing seasons.

3.2. MLS and PM Intensity

All cultivars and genotypes exhibited different intensities of typical symptoms of MLS
and PM. The first symptom of MLS infection began as small, roundish, reddish–brown,
or purple spots on the upper leaf surface. Spots turned light brown or gray in the center
as they matured but retained a purple margin. Spots appeared on the lower surfaces of
leaves as the infection progressed in most cultivars and genotypes that had high incidence,
severity, and AUIDPC and AUSDPC values (Tables 1 and 2). Leaf spot occurred at average
temperatures between 15 and 25 ◦C. As the disease progresses, most lesions coalesce to
form larger areas of necrotic tissue. Fruit infections were not observed during the period of
disease evaluation. The first symptom of PM infection was the curling up of leaf margins,
exposing the white patches of S. macularis f. sp. fragariae mycelium on the lower leaf surface.
Generally, the patches coalesced to cover the entire underside of the leaf. Infected leaves
of the most susceptible cultivars (San Andres and Albion) and genotypes (FRF 191.2, FRF
LAM 119.1, and FRF LAM 263.1) showed curling, purple, and reddish blotches on the
lower leaf surface.
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Table 1. Incidence and severity of (A) micosphaerela leaf spot—MLS (Mycosphaerella fragariae)
and (B) powdery mildew—PM (Sphaerotheca macularis f. sp. fragariae) in strawberry cultivars and
genotypes in a highland region of Santa Catarina State, southern Brazil during the 2019/2020 and
2020/2021 growing seasons.

A

Cultivars/
Genotypes

Incidence
Average

Severity
AverageDays after First Appearance of Symptoms Days after First Appearance of Symptoms

15◦ 30◦ 45◦ 60◦ 15◦ 30◦ 45◦ 60◦

PIRCINQUE 6.21 Ad 10.09 Gb 11.94 Eb 16.42 Da 11.17 0.21 Db 0.51 Ea 0.57 Ea 0.63 Fa 0.48
JONICA 6.54 Dc 10.33 Gb 12.47 Ea 14.34 Da 10.92 0.33 Cb 0.54 Ea 0.57 Ea 0.63 Fa 0.51

BELLALINDA 4.91 Dc 8.02 Hb 9.59 Fb 13.71 Da 9.05 0.12 Da 0.19 Fa 0.21 Fa 0.29 Ga 0.20
RANDOCE 7.41 Dc 11.71 Gb 13.47 Eb 15.94 Da 12.13 0.40 Cc 0.82 Db 0.85 Db 1.18 Ea 0.81

KIARA 4.89 Db 7.26 Ha 8.68 Fa 9.43 Ea 7.56 0.11 Da 0.18 Fa 0.20 Fa 0.30 Ga 0.20
IRMA 4.95 Dc 11.14 Gb 11.94 Eb 14.30 Da 10.58 0.12 Da 0.19 Fa 0.22 Fa 0.28 Ga 0.20
SAN

ANDREAS 20.65 Db 43.57 Bc 47.17 Bb 53.48 Aa 41.22 1.48 Ad 2.70 Ac 3.04 Ab 4.08 Aa 2.82

ALBION 20.65 Db 40.90 Cc 50.99 Ab 54.01 Aa 41.64 1.47 Ac 2.76 Ab 2.93 Ab 3.88 Ba 2.76
LAM 119.1 24.00 Ad 36.83 Dc 47.85 Bb 53.77 Aa 40.61 1.55 Ac 2.61 Ab 2.79 Ab 3.78 Ba 2.68
LAM 263.1 21.23 Bd 42.20 Cc 47.48 Bb 53.33 Aa 41.06 1.47 Ac 2.75 Ab 2.85 Ab 3.76 Ba 2.71
PIR 256.4 13.14 Cc 28.19 Eb 32.85 Ca 34.49 Ba 27.17 0.77 Bb 1.65 Ca 1.74 Ca 1.86 Da 1.50
PIR 75.8 12.85 Cd 23.89 Fc 27.14 Db 30.86 Ca 23.69 0.78 Bb 2.03 Ba 2.08 Ba 2.13 Ca 1.75
PIR 79.6 12.45 Cc 26.55 Eb 31.61 Ca 33.58 Ba 26.05 0.79 Bb 1.86 Ba 1.95 Ba 2.11 Ca 1.68

Average 5.76 8.48 10.10 11.22 8.89 0.83 0.58 1.14 2.22 1.04

CV (%) 6.77 9.04

B

Cultivars/
Genotypes

Incidence 1

Average
Severity 2

AverageDays after First Appearance of Symptoms Days after First Appearance of Symptoms
15◦ 30◦ 45◦ 60◦ 15◦ 30◦ 45◦ 60◦

PIRCINQUE 4.64 Cb 3 5.90 Gb 6.89 Ga 7.49 Ga 6.23 0.38 Db 0.43 Cb 0.46 Ea 0.48 Ca 0.44
JONICA 4.85 Cb 5.83 Gb 6.63 Ga 7.77 Ga 6.27 0.36 Da 0.44 Ca 0.47 Ea 0.51 Ca 0.44

BELLALINDA 2.99 Db 5.06 Ga 5.48 Ga 6.02 Aa 4.89 0.10 Ea 0.13 Da 0.15 Fa 0.17 Da 0.14
RANDOCE 5.83 Cb 7.81 Ga 9.10 Fa 9.74 Fa 8.12 0.43 Cc 0.85 Ab 0.88 Cb 1.06 Aa 0.80

KIARA 3.02 Dc 6.12 Gb 6.26 Gb 8.49 Fa 5.97 0.09 Eb 0.14 Da 0.15 Fa 0.18 Da 0.14
IRMA 3.21 Dc 6.58 Gb 8.10 Fb 9.71 Fa 6.90 0.14 Ec 0.17 Db 0.19 Fb 0.21 Da 0.17
SAN

ANDREAS 17.90 Ad 30.66 Ac 34.49 Ab 37.61 Aa 30.17 0.65 Bc 0.80 Bb 0.84 Db 0.97 Ba 0.81

ALBION 17.60 Ad 28.11 Bc 35.72 Ab 38.47 Aa 29.97 0.71 Ac 0.86 Ab 0.95 Ba 0.98 Ba 0.87
FC 191.2 17.06 Ac 29.68 Ab 35.60 Aa 37.47 Aa 29.95 0.68 Aa 0.82 Bc 0.90 Cb 1.02 Aa 0.85
FC 57.6 18.85 Ad 27.68 Bc 35.98 Ab 38.28 Aa 30.19 0.67 Bc 0.81 Bb 0.84 Db 0.98 Ba 0.82

LAM 119.1 18.94 Ad 25.61 Cc 32.58 Bb 35.73 Ba 28.22 0.70 Ac 0.85 Ab 1.04 Ab 1.07 Aa 0.91
LAM 263.1 18.91 Ac 31.21 Ab 34.87 Aa 36.28 Ba 30.32 0.65 Bc 0.80 Bb 0.84 Db 0.97 Ba 0.81
PIR 256.4 13.80 Bd 21.41 Dc 25.57 Cb 27.85 Ca 22.16 0.65 Bc 0.79 Bb 0.83 Db 1.00 Ba 0.82
PIR 75.8 11.93 Bc 15.53 Fb 17.33 Ea 17.78 Ea 15.64 0.66 Bc 0.82 Bb 0.86 Db 0.97 Ba 0.83
PIR 79.6 12.59 Bc 17.73 Eb 20.58 Da 22.13 Da 18.26 0.64 Bc 0.78 Bb 0.82 Db 1.00 Ba 0.81

Average 11.48 17.66 21.01 22.72 18.22 0.50 0.63 0.68 0.77 0.64

CV (%) 4 7.86 5.88
1 Average incidence estimated in leaves with symptoms; 2 Average severity estimated by diagrammatic scale
proposed by [17,18]; 3 Means followed by the same capital letter in the column and small letter in the row for
each epidemiological variable (incidence and severity) are not significantly different (Scott–Knott test, p < 0.05);
4 Coefficient of variation.
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Table 2. Area under the incidence (AUIDPC) and severity (AUSDPC) disease progress curve of
Mycosphaerella Leaf Spot (MLS) (Mycosphaerella fragariae) and powdery mildew (PM) (Sphaerotheca
macularis f. sp. fragariae) in strawberry cultivars and genotypes in a highland region of Santa Catarina
State, southern Brazil during the 2019/2020 and 2020/2021 growing seasons.

Cultivar/
Genotype

AUIDPC 1 AUSDPC 2

MLS PM MLS PM

Kiara 326.38 g 3 271.86 g 8.85 g 6.15 g
Jonica 498.53 f 281.54 g 23.65 f 8.08 f
Irma 490.60 f 317.15 f 9.19 g 7.82 f

Bellalinda 403.63 g 225.64 g 9.11 g 6.11 g
Pircinque 460.24 f 282.70 g 22.44 f 9.80 f
Randoce 552.81 e 370.45 f 36.71 e 27.07 e
Albion 1938.34 b 1377.85 a 125.47 a 39.85 b

San Andreas 1917.15 b 1393,61 a 127.75 a 36.68 d
FRF PIR 256.4 1272.72 c 1017.11 c 70.59 d 36.67 d
FRF PIR 79.6 1217.69 c 834.98 d 78.95 c 36.22 d
FRF PIR 75.8 1093.26 d 715.64 e 83.38 c 37.27 d

FRF 57.6 1923.75 b 1383.17 a 126.62 a 38.07 c
FRF 191.2 2040.17 a 1388.12 a 127.60 a 40.49 a

FRF LAM 119.1 1853.51 b 1282.84 b 121.02 b 41.58 a
FRF LAM 263.1 1904.42 b 1405.21 a 123.26 b 36.68 d

CV 4 12.77 15.05 18.93 11.17
1 Area calculated by average incidence estimated in leaves with symptoms; 2 Area calculated by trapezoidal
integration value according to [21]; 3 Means followed by the same letter in the column are not significantly
different (Scott–Knott test, p < 0.05); 4 Coefficient of variation.

The epidemiological variables of incidence, severity, AUIDPC, and AUSDPC were
estimated for each strawberry cultivar and genotype (Tables 1 and 2). There were significant
differences in the incidence, severity, AUIDPC, and AUSDPC of MLS and PM among
strawberry cultivars and genotypes. Under field conditions, the incidence and severity for
both MLS and PM were significantly lower in most cultivars (Kiara, Jonica, Irma, Bellalinda,
Pircinque, and Randoce) from 15 to 60 days after the first appearance of symptoms, except
for Albion and San Andreas (Table 1). The incidence and severity in all genotypes, as well
as in the cultivars Albion and San Andreas, were significantly higher, exhibiting a high
percentage of MLS and PM incidence and severity. These ranged from 12.45 (PIR 79.6) to
24.00 (LAM 119.1), 0.77 (PIR 256.4) to 1.55 (LAM 119.1), 11.93 (PIR 75.8) to 18.94 (LAM 119.1),
and 0.64 (PIR 79.6) to 0.71 (Albion) in the first 15 days after the first appearance of symptoms,
respectively. The incidence and severity maintained constant and significant progress
throughout the entire evaluation period. (Table 1). The lowest MLS AUIDPC and AUSDPC
were observed in Kiara and Bellalinda and in Kiara, Irma, and Bellalinda, respectively
(Table 2). The lowest PM AUIDPC and AUSDPC were observed in Kiara, Jonica, Bellalinda,
and Pircinque and in Kiara and Bellalinda, respectively (Table 2). Despite significant
differences in MLS and PM resistance between these two cultivars groups, Kiara, Jonica,
Irma, Bellalinda, and Pircinque had the lowest incidence, severity, AUIDPC, and AUSDPC,
indicating that they were the most resistant cultivars of all cultivars and genotypes.

The cultivars Kiara, Jonica, and Pircinque also showed moderate resistance to MLS
and PM, with the lowest values of AUIDPC 326.38, 498.53, 460.24 and 8.85, 23.65, and 22.44;
and 271.86, 281.54, 282.70 and 6.15, 8.08, and 9.80, respectively (Table 2). The genotype
FRF 191.2 had the highest values of AUIDPC (2040.17 and 1388.12) and AUSDPC (127.60
and 40.49) for MLS and PM, respectively (Table 2) but was also one of the genotypes that
exhibited the highest values of FAP (Table 3).
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Table 3. Univariate analysis of quantitative fruit agronomic parameters (FAP) of total fruit yield
(g plant−1—TFY) and qualitative FAP of luminosity (L), chroma (C), hue angle (◦hue), pulp firmness F
(g/fruit−1), soluble solids (SS ◦ Brix), titratable acidity (AT g 100 g−1 citric acid) and the ratio of soluble
solids to titratable acidity (SS/TA) of strawberry cultivars and genotypes under edaphoclimatic
conditions of highland region of Santa Catarina State, southern Brazil during the 2019/2020 and
2020/2021 growing seasons.

Cultivars/Genotypes TFY L C ◦Hue F SS TA SS/TA

PIRCINQUE 667.79 a 1 37.83 a 46.42 a 33.13 a 372.41 b 8.36 a 0.54 b 15.99 b
JONICA 596.63 a 37.75 a 45.23 b 33.73 a 375.05 b 7.57 b 0.54 b 14.13 c

BELLALINDA 470.05 b 34.09 c 42.42 c 30.32 c 343.94 c 7.77 b 0.48 b 16.16 b
RANDOCE 524.56 b 34.07 c 42.53 c 29.68 d 362.90 b 7.68 b 0.61 a 12.72 c

KIARA 643.12 a 35.36 b 43.31 c 32.18 b 379.73 b 7.01 b 0.49 b 14.49 b
IRMA 347.20 c 35.74 b 43.42 c 33.46 a 343.12 c 7.43 b 0.60 a 12.40 c

SAN ANDREAS 532.43 b 33.13 d 42.01 c 30.47 c 365.37 b 7.21 b 0.64 a 11.45 c
ALBION 499.09 b 31.00 e 37.60 d 28.92 d 325.14 c 7.39 b 0.59 a 12.74 c
FC 191.2 410.02 c 34.53 c 42.56 c 31.24 c 366.71 b 7.25 b 0.57 b 12.96 c
FC 57.6 535.66 b 38.20 a 47.93 a 32.49 b 375.35 b 7.43 b 0.48 b 15.42 b

FRF LAM 119.1 680.32 a 37.93 a 47.18 a 33.82 a 448.60 a 8.43 a 0.55 b 15.40 b
FRF LAM 263.1 474.05 b 34.56 c 41.93 c 32.41 b 358.11 b 6.45 b 0.56 b 11.73 c
FRF PIR 256.4 484.15 b 35.73 b 45.61 b 32.41 b 342.53 c 8.58 a 0.49 b 17.87 a
FRF PIR 75.8 483.25 b 35.66 b 45.09 b 30.44 c 421.81 a 7.88 b 0.61 a 13.06 c
FRF PIR 79.6 558.59 b 37.94 a 47.16 a 34.29 a 370.99 b 8.54 a 0.66 a 13.49 c

Means 2 527.13 35.57 44.03 31.93 370.12 7.66 0.56 14.00
CV (%) 3 9.45 2.47 2.44 2.54 5.25 7.42 8.14 8.72

1 Means followed by the same letter in the column do not differ from each other by the Scott–Knott test at 5%
probability. 2 Mean of the 2019/2020 and 2020/2021 growing seasons. 3 Coefficient of variance.

All genotypes developed from UDESC and the CRE-OFA-FRF, which showed both
potential for qualitative and quantitative FAP and tolerance to foliar diseases in Italy,
presented low values of AUIDPC and AUSDPC, indicating that they were moderately
resistant to MLS and PM under the edaphoclimatic conditions in the highland region of
Santa Catarina State during the 2019/2020 and 2020/2021 growing seasons (Tables 1 and 2).

3.3. Cultivars and Genotypes FAP

The cultivars Bellalinda and Kiara had similar MLS and PM AUIDPC and AUSDPC.
However, the Kiara cultivar showed higher (TFY-643,12) fruit production than the Bellalinda
(TFY-470,05) cultivar (Table 3). The cultivars Kiara, Jonica, Irma, Bellalinda, Pircinque, and
Randoce had the lowest values of MLS and PM AUIDPC and AUSDPC. However, they
exhibited significant differences in MLS and PM susceptibility (Tables 1 and 2) and in
quantitative and qualitative FAP (Table 3). Therefore, PCA was conducted to evaluate the
interrelationships among the variables.

The first two principal components obtained from the PCA analysis of MLS and PM
AUIDPC (INC-M and INC-O) and AUSDPC (SEV-M and SEV-O) explained 99.3% of the
data variability (Figure 2). The first component contributed 91.0%, whereas the second
component contributed only 8.3%. The first principal component classified cultivars and
genotypes into four main groups. The main axes are related to the first principal component.
In decreasing order of contribution were the axes representing MLS INC-M and SEV-M,
and PM INC-O (Figure 2). Therefore, the values of these three indicators were higher
for cultivars and genotypes that followed the direction and sense of these axes (Figure 2).
The cultivars and genotypes that fell into Group 3 were those that showed higher MLS
INC-M and SEV-M, and PM INC-O. Group 1 included the cultivars and genotypes with the
lowest values for the same variables. Therefore, the cultivars Kiara, Jonica, Irma, Bellalinda,
Pircinque, and Randoce were more resistant to MLS and PM than the cultivars San Andreas
and Albion, and the genotypes FRF LAM 119.1, FRF 191.2, FRF LAM 263.1, and FRF 57
(Figure 2).



Agriculture 2024, 14, 1373 10 of 15

Agriculture 2024, 14, x FOR PEER REVIEW 10 of 15 
 

 

Bellalinda, Pircinque, and Randoce were more resistant to MLS and PM than the cultivars 
San Andreas and Albion, and the genotypes FRF LAM 119.1, FRF 191.2, FRF LAM 263.1, 
and FRF 57 (Figure 2). 

The FRF PIR 75.8, FRF PIR 79.6, and FRF PIR 256.4 genotypes from Group 2 showed 
intermediate susceptibility to MLS and PM relative to Groups 1 and 3. The second princi-
pal component explains the variation in cultivars and genotypes with respect to PM SEV-
O. Regarding this variable, cultivars and genotypes were similar between Groups 2 and 3. 
Despite the difference in PM INC-O between the cultivars and genotypes in Groups 2 and 
3, PM SEV-O was similar among cultivars and genotypes (Figure 2). PM SEV-O differen-
tiated the Randoce cultivar from the cultivars and genotypes classified under Group 1 in 
relation to the second principal component. 

 
Figure 2. Area under incidence (AUIDPC) and severity (AUSDPC) disease progress curve of myco-
sphaerella leaf spot—MLS (Mycosphaerella fragariae) (INC.M and SEV.M) and powdery mildew—
PM (Sphaerotheca macularis f. sp. fragariae) (INC.O and SEV.O) in strawberry cultivars and genotypes 
under edaphoclimatic conditions of the highland region of Santa Catarina State, southern Brazil 
during the 2019/2020 and 2020/2021 growing seasons. 

Quantitative and qualitative FAP were estimated for each strawberry cultivar and 
genotype (Table 3). Under field conditions, the cultivars Pircinque and Jonica exhibited 
the best values for the FAP of TFY, L, C, °hue, and SS, combined with the lowest incidence, 
severity, AUIDPC, and AUSDPC (Table 1 and 2). However, the cultivars Pircinque, Kiara, 
and Jonica, as well as the genotype FRF 119.1, showed the highest TFY (g plant−1) values 
of 667.79, 643.12, 596.63, and 680.32, respectively. The genotypes RFR PIR 75.8 and PIR 
256.4 had the highest values for F and SS/AT FAP, respectively, while the cultivars Irma, 
San Andreas, Albion, and Randoce had the highest values for AT (Table 3). Additionally, 
the cultivars San Andreas, Albion, and Randoce showed good TFY values of 532.43, 499.09, 
and 524.56, respectively. 

Univariate analysis of the quantitative and qualitative FAP in Table 2 did not allow 
identification of the best cultivars and genotypes for fruit yield and quality. Cultivars and 
genotypes were separated using only isolated FAP. Therefore, PCA was used to group the 
samples according to FAP, allowing for a more comprehensive and integrated evaluation. 

The first two principal components of PCA for the different FAP of quality, such as 
L, C, °hue, SS, TA, and SS/TA, explained 72.5% of the variability in cultivars and genotypes 
(Figure 3). The contributions of the first and second components were 52.2% and 20.3%, 

Figure 2. Area under incidence (AUIDPC) and severity (AUSDPC) disease progress curve of my-
cosphaerella leaf spot—MLS (Mycosphaerella fragariae) (INC.M and SEV.M) and powdery mildew—PM
(Sphaerotheca macularis f. sp. fragariae) (INC.O and SEV.O) in strawberry cultivars and genotypes
under edaphoclimatic conditions of the highland region of Santa Catarina State, southern Brazil
during the 2019/2020 and 2020/2021 growing seasons.

The FRF PIR 75.8, FRF PIR 79.6, and FRF PIR 256.4 genotypes from Group 2 showed
intermediate susceptibility to MLS and PM relative to Groups 1 and 3. The second principal
component explains the variation in cultivars and genotypes with respect to PM SEV-O.
Regarding this variable, cultivars and genotypes were similar between Groups 2 and 3.
Despite the difference in PM INC-O between the cultivars and genotypes in Groups 2 and 3,
PM SEV-O was similar among cultivars and genotypes (Figure 2). PM SEV-O differentiated
the Randoce cultivar from the cultivars and genotypes classified under Group 1 in relation
to the second principal component.

Quantitative and qualitative FAP were estimated for each strawberry cultivar and
genotype (Table 3). Under field conditions, the cultivars Pircinque and Jonica exhibited
the best values for the FAP of TFY, L, C, ◦hue, and SS, combined with the lowest incidence,
severity, AUIDPC, and AUSDPC (Tables 1 and 2). However, the cultivars Pircinque, Kiara,
and Jonica, as well as the genotype FRF 119.1, showed the highest TFY (g plant−1) values
of 667.79, 643.12, 596.63, and 680.32, respectively. The genotypes RFR PIR 75.8 and PIR
256.4 had the highest values for F and SS/AT FAP, respectively, while the cultivars Irma,
San Andreas, Albion, and Randoce had the highest values for AT (Table 3). Additionally,
the cultivars San Andreas, Albion, and Randoce showed good TFY values of 532.43, 499.09,
and 524.56, respectively.

Univariate analysis of the quantitative and qualitative FAP in Table 2 did not allow
identification of the best cultivars and genotypes for fruit yield and quality. Cultivars and
genotypes were separated using only isolated FAP. Therefore, PCA was used to group the
samples according to FAP, allowing for a more comprehensive and integrated evaluation.

The first two principal components of PCA for the different FAP of quality, such
as L, C, ◦hue, SS, TA, and SS/TA, explained 72.5% of the variability in cultivars and
genotypes (Figure 3). The contributions of the first and second components were 52.2%
and 20.3%, respectively. The first principal component differentiated the cultivars and
genotypes mainly by fruit color parameters L, C, and ◦hue, with a greater contribution
from parameters L and C. Genotypes FRF 119.1 and FRF 79.6 exhibited the highest L and
C values (Figure 3). The Albion cultivar exhibited the lowest values of the fruit color
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parameters L, C, and ◦hue. Despite the lower contributions of parameters L, C, and ◦hue,
the SS variable also belonged to the first PCA component. The second principal component
was the fruit flavor parameters of TA and RATIO-SS/TA, which explained 20.3% of the
data variability.
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Figure 3. Qualitative fruit agronomic parameters (FAP) of luminosity (L), chroma (C), hue angle
(◦hue), pulp firmness F (g/fruit−1), soluble solids (SS ◦ Brix), titratable acidity (TA g 100 g−1 citric
acid) and the ratio of soluble solids to titratable acidity (RATIO) of strawberry cultivars and genotypes
under edaphoclimatic conditions of highland region of Santa Catarina State, southern Brazil during
the 2019/2020 and 2020/2021 growing seasons.

The genotype FRF 119.1 was classified in Group 2, positioned in the direction and
sense of the SS/TA ratio and in the opposite direction of the TA parameter. Thus, genotypes
FRF 119.1 and FRF 79.6 exhibited the best flavor balance, primarily due to their lower
acidity, TA. Better flavor balance may be related to not only lower TA but also higher SS
values. Therefore, the Pircinque cultivar and genotypes FRF 119.1 and FRF 256.4 were
positioned in the direction and sense of the SS parameter, respectively, in relation to the first
principal component. Therefore, their high SS/TA ratio was related to low TA and high
SS (Figure 3). Despite the similar TA values between the pairs Bellalinda and FRF 256.4
and Kiara and Pircinque, because of the high SS, the genotype FRF 256.4 exhibited a higher
SS/TA ratio than the cultivar Bellalinda. Additionally, the Pincinque cultivar showed a
higher SS/TA ratio than the cultivar Kiara (Figure 3). The FRF 79.6 genotype was also
relevant, with an SS value similar to that of the genotype FRF 119.1, which exhibited a
higher TA value, resulting in a less balanced flavor. In general, Pircinque, Bellalinda, and
Kiara showed good FAP values among the eight FAP evaluated and were the cultivars that
exhibited the lowest incidence, severity, AUIDPC, and AUSDPC (Tables 1 and 2).

The FRF LAM 119.1 genotype was among those that presented the highest production
values of TFY of 680.32 g/plant (Table 2), and Kiara, Jonica, and Pircinque showed the
highest values for color and flavor. However, the genotype FRF LAM 119.1 was also
among those that presented the highest values of MLS AUIDPC (1853.51) and AUSDPC
(121.02), and PM AUIDPC (1282.84) and AUSDPC (41.58). The genotypes Kiara, Jonica,
and Pircinque (Figure 4) exhibited a high FAP with a good fruit quality, characterized by a
high flavor and color balance. The cultivar Kiara was approximately one degree less for
◦hue than Pircinque and Jonica, characterized by one red tone higher and justifying the
distance in the graphic position (Figures 3 and 4). Kiara, Jonica, and Pircinque showed
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greater resistance to MLS and PM, while Bellalinda and Irma showed less resistance but
were still significantly different from all other evaluated materials.
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Figure 4. The best fruit-quality strawberry cultivars, Pircinque (A), Jonica (B), and Kiara (C), which
showed the lowest susceptibility of mycosphaerella leaf spot—MLS (Mycosphaerella fragariae) and
powdery mildew—PM (Sphaerotheca macularis f. sp. fragariae) under edaphoclimatic conditions of
the highland region of Santa Catarina State, southern Brazil during the 2019/2020 and 2020/2021
growing seasons.

4. Discussion

This study, for the first time, compared the main commercial cultivars and advanced
genotypes from the breeding program of the Centro di Olivicoltura, Frutticoltura e Agru-
micoltura (CRE-OFA-FRF) Forlì/Italy in partnership with UDESC, with respect to their
resistance levels to MLS and PM, and quantitative and qualitative FAP under the edapho-
climatic conditions of highland regions of southern Brazil during the 2019/2020 and
2020/2021 growing seasons. Most of the evaluated cultivars are used in strawberry produc-
tion in many countries worldwide. The findings of this study complement those of similar
previous studies [8,11,15,18].

The climatic conditions during the 2019/2020 and 2020/2021 growing seasons were
favorable for infection and growth by M. fragariae and S. macularis f. sp. fragariae, which
require a high relative humidity of 75% to 98% and temperatures of approximately 9–25 ◦C
and 15–22 ◦C, respectively. The growth season usually starts in May and can extend to
the end or beginning of the next year, depending on the cultivars. During this period,
it is common to find environmental conditions suitable for both MLS and PM. In this
context, the influence of relative humidity, temperature, and duration of leaf wetness
on infection is important, particularly the influence of low temperatures on early spring
inoculum production. Disease infection may begin early in the season when the average
temperature is about 10–12 ◦C and prolonged periods of high relative humidity are frequent.
Moreover, this means that the onset of infection is synchronized with the spring regrowth
of strawberry leaves, which implies that infection occurs when young leaves, which are the
most susceptible to infection, appear [8,23–25].

Ref. [16] studied the sporulation of M. fragariae detached leaves and observed minimal
sporulation when the leaves were maintained wet for 24 h at 5 ◦C, an increase in sporu-
lation from 10 to 25 ◦C, low sporulation at 30 ◦C, and absence of sporulation at 35 ◦C. M.
fragariae can produce spores throughout the year in lesions in old leaves under conditions
in southern Brazil [23,26–28]. If these spores fall onto other leaves, they germinate under
wet conditions, especially after rainfall. After an incubation period of 10–15 days, new
spots appear and produce new spores that infect other young leaflets. This cycle can
repeat several times during a single growing season. S. macularis f. sp. fragariae survives
in intercrops as mycelium on green persistent leaves and dormant infected strawberry
crowns. Colonies on these tissues sporulate throughout the cultivation period, thereby
perpetuating the disease [24,29]. Conidia of S. macularis f. sp. fragariae remain viable
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for a short period of time and require 4–6 h of high relative humidity at approximately
25 ◦C for germination. Subsequent penetration and colonization of leaf tissue takes place
within 24–48 h of germination [23–25]. Although MLS and PM have been recognized as
an important strawberry disease for many decades [16,25,30], little information exists on
their epidemiology [9,16,23,26,29]. This is primarily because, to date, the disease has been
managed mostly by host genetic resistance and fungicide control [16,27,29]. However,
many changes in strawberry cultivars and increased fungicide resistance have caused
disease outbreaks in several strawberry production areas [23,25].

Disease quantification is essential for epidemiological studies, surveys, and manage-
ment decisions. PM requires special attention because it occurs as patches or diffuse colonies
on the underside of leaves, making the assessment of disease severity challenging [9].

The cultivars Kiara, Jonica, Irma, Bellalinda, Pircinque, and Randoce were more
resistant to MLS and PM than the cultivars San Andreas and Albion, and the genotypes
FRF LAM 119.1, FRF 191.2, FRF LAM 263.1, and FRF 57. Additionally, Pircinque, Kiara,
and Jonica presented the best FAP values and combined MLS and PM resistance with
high fruit yield and quality. The FRF 104.1 genotype produces high fruit yields under
semi-hydroponic and hydroponic production systems [26], and it has recently been named
cultivar Bellalinda [9]. This cultivar had the lowest values of MLS and PM incidence,
severity, AUIDPC, and AUSDPC. Cultivar Bellalinda, when grown in soil with tunnel
systems, showed 28% higher production than when it was grown under semi-hydroponic
and hydroponic systems [26]. The cultivars Bellalinda, Kiara, Jonica, and Pircinque are
excellent options for strawberry producers in the southern region of Brazil. They combined
the highest level of MLS and PM resistance with good fruit yield and quality.

Yield (TFY—g plant−1) is one of the most important quantitative FAP in breeding
programs for many crops. Therefore, having highly productive genotypes with Brazilian
averages around 35–40 t ha−1 [4,11,15] is important because it allows reliability for the
producer. Thus, the cultivars Kiara, Jonica, and Pircinque were considered excellent
options for increasing productivity and fruit quality because they are highly productive
and moderately to highly resistant to MFM and PM. Ref. [31] identified three resistance
genes that control PM in strawberries. These genes are associated with quantitative FAP and
aid in the selection of genetic materials for the germplasm bank of the breeding program.
However, PM is a pathogen that infects various parts of the plant, such as leaves, fruits,
flowers, and strawberry stolons, causing significant losses in production, mainly through
the production of nonmarketable fruits.

Despite the relevance of the TFY parameter in the context of strawberry commercializa-
tion, it is necessary to combine it with high fruit quality. The FAP TA and SS are associated
with fruit flavor. Therefore, high TA should be balanced with sugar content, ensuring that
the fruit is well accepted by consumers [10]. The SS/TA ratio is also essential in choosing
the best cultivar or genotype, and in this study, the cultivars and genotypes that showed a
higher correlation with the FAP yield (g plant−1) also showed higher SS/TA ratio values
and moderate to high MLS and PM resistance, such as Kiara, Jonica, Pircinque cultivars,
and FRF 119.1 genotype.

The quality of fruit flavor and aroma is reflected by a high SS/TA ratio, which indicates
a balance between sugar content and acidity. A higher SS/TA ratio leads to a more balanced
flavor and aroma, resulting in greater sensory acceptance of the fruit [32,33]. The SS/TA
ratio is a more comprehensive indicator of fruit flavor and aroma compared to sugars and
acidity alone, providing a more precise assessment [34]. When consumers make purchasing
decisions, they often prioritize the size and appearance of fruit over its flavor [35]. Breeding
programs aim to develop new cultivars that not only exhibit high productivity but also
possess desirable fruit quality characteristics. However, achieving this combination can be
challenging, as many of these productive and fruit quality parameters are inversely related,
depending on the available germplasm material [31]. The results obtained are important
in defining the cultivars and the type of management to be adopted for controlling MLS
and PM in strawberry cultivation. Cultivars with higher levels of resistance and good fruit
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quality, such as Kiara, Jonica, and Pircinque, should be preferred by farmers, especially in
southern Brazil. For cultivars with moderate resistance, such as Bellalinda and Randoce,
attention should be given to the adoption of cultural practices and the use of fungicides
aimed at disease prevention and control, as fruit productivity and quality are directly
related to the leaf area capable of performing photosynthesis [8,24]. Therefore, the most
recently released cultivars, Kiara, Jonica, and Pircinque, are precisely those with higher
levels of resistance and good fruit yield and quality. The present data showed that the
cultivars Kiara, Jonica, and Pircinque exhibited moderate to high levels of MLS and PM
resistance associated with good fruit quality under the edaphoclimatic conditions of the
highland regions of southern Brazil.

5. Conclusions

Cultivars Kiara, Jonica, Pircinque, Bellalinda, and Irma were the most resistant to
MLS and PM, and Kiara, Jonica, and Pircinque, and the genotype FRF LAM 119.1 had the
best quantitative and qualitative FAP. However, the FRF LAM 119.1 genotype was highly
susceptible to MLS and PM. The cultivars Kiara, Jonica, and Pircinque, and the FRF LAM
119.1 genotype, had the highest TFY values and the best fruit quality in terms of skin color
and flavor balance (TA and SS).
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A B S T R A C T   

Background: Rootstocks less vigorous are among the most crucial management techniques to 
modernize fruit cultivation. Replanting with fallow land has become necessary due to a lack of 
land to establish new orchards. 
Objective: The aim of this study is to determine the effect of various rootstocks of the American 
Geneva® series on the yield performance of the apple (Malus domestica Borkh) cultivars ‘Gala 
Select’ and ‘Fuji Suprema’ under replanting conditions in southern Brazil. Methods: After two 
years of fallow land, the experiments were initiated in 2017 and conducted during the 2018, 
2019, 2020, and 2021 growing seasons in Painel and Caxias do Sul municipalities at the Santa 
Catarina and the Rio Grande do Sul State, respectively. The ‘Gala Select’ and ‘Fuji Suprema’ were 
grafted onto the G.202, G.814, G.210, and G.213 Geneva series rootstocks in a tall spindle 
training system using a randomized complete block design with four replicates. Principal 
component analysis (PCA) was used to assess the interrelationship among the variable’s vigor, 
productivity, and fruit quality. 
Results: The PCA result showed significant differences in vigor, productivity, and fruit quality 
when the G.210 and G.213 and G.814 and G.213 Geneva series rootstocks were used in combi
nation with Gala Select and Fuji Suprema cultivars, respectively. The PCA analysis clustered all 
cultivar/rootstock combinations into two groups, based on their vigor and productivity and the 
yield performance and fruit quality data, that differed significantly among combinations and 
regions. The ‘Gala Select’/G.202 and ‘Fuji Suprema’/G.213 combinations were less vigorous than 
the ‘Gala Select’/G.210 and ‘Fuji Suprema’/G.814 combinations. However, ‘Gala Select’/G.210 
(semi-dwarfing) and G.213 (dwarfing) are the combinations with high yield performance, pro
ductive efficiency and fruit quality, being more reliable to the producer, and less vigorous, 
resulting in lower labor costs under replating conditions, with two years of fallow land, from 2018 
until 2021 growing seasons.   
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1. Introduction 

Apples (Malus domestica Borkh.) are the second most produced and third most consumed temperate fruit in Brazil. The states of 
Santa Catarina and the Rio Grande do Sul States are the leading producers, with 33 thousand hectares of production area [1]. The 
demand for new cultivars, clones, rootstocks, and management technologies by Brazilian apple growers is the primary factor driving 
the expansion of apple production [6,7]. However, the average yield of the Brazilian apple crop in 2019 was estimated to be around 
37.7 t ha− 1 [12]. This is a result of the use of vigorous rootstocks and low plant densities [17]. 

The Brazilian apple orchards longevity seldom exceeds 25–30 years due to the frequent replacement of scion cultivars and new 
planting density technologies that require the replacement of vigorous rootstocks by the most dwarfing ones [19]. Therefore, because 
of the low availability of new areas in the most apple productive States of southern Brazil, new orchards need to establish on replanting 
soils and areas. This activity, can seriously compromise the apple tree development and yield performance when new orchards are 
planted on areas previously cultivated with temperate-zone fruit trees [14]. The issue of replanting plants can lead to growth sup
pression and reduced productivity of trees planted in older orchards, potentially rendering the activity unprofitable. The exact etiology 
of replanting plant problems is unknown and their nature is complex due to the presence of different biotic and abiotic factors. The 
correct rootstock selection is more beneficial than soil fumigation in controlling the problem of apple replanting associated with the 
problem [27]. 

It has been extremely difficult to find new land for the establishment of new orchards, making it necessary to reuse orchard land. 
Any attempt to cultivate a new orchard with high quality and high yields in an unproven area increases the grower’s risk. Most of the 
land available for establishing new orchards is designated as a replanting area and the soil fumigation for controlling replant problems 
is not permitted in Brazil. According to Denardi [5], apple plant performance may vary based on the used rootstock and replanting soil 
conditions. According to Reig [21], it is likely that the rootstock-induced changes in the concentrations of mineral nutrients can have 
subtle or dramatic effects on the physiological machinery of the tree, resulting in changes in fruit production and quality. In general, 
vigorous rootstocks are more resistant to apple replanting disease than dwarfing rootstocks, and tolerance of their root system to 
harmful agents appears to play a crucial role. The use of dwarfing rootstocks to increase the planting density has been the most 
significant change in apple production [23]. The primary benefits of increasing plant density are increased productivity [19], pre
cocious production, high fruit quality, and low labor costs [11]. However, it is important to select the proper rootstocks for the effective 
management of plant sizes [16]. 

The first apple orchards planted in the southern Brazil on replanting soils were grafted on the MM.111, MI.793, and M.25 British 
rootstocks [24], followed by M.7 durring the 1990s [5], and more recently by Marubakaido rootstock and the M.9 interstem [4,5]. 
Despite of these rootstocks has good performance, most of them show unsatisfactory tolerance to “apple replant disease” (ARD) and 
insect and rot problems [24]. 

The apple crop breeding program of Cornell University/USA has been developing new American Geneva series rootstocks (CG 
series). Some of these rootstocks, specially, the G.202, G.814, G.210, and G.213 rootstocks were selected due to resistance to collar root 
rot and to woolly apple aphid-lanigerus [8–24], adequate tolerance to apple replant disease [ [7,8]], increased productivity, ability to 
induce better canopy budding [15], and a better angle of branch insertion to the stem [7]. The climate and environmental conditions of 
the local region are fundamental factors in the selection of a suitable rootstock for a cultivar [28]. All of these CG series rootstock 
features are required and useful for southern Brazil’s environmental conditions [15]. 

Rufato [24] evaluated different rootstocks, with a particular focus on the G.213 rootstock. This rootstock requires only a few 
chilling hours and budding degree days, and it also demonstrates resistance to diseases and pests. The study revealed that ‘Maxi Gala’ 
apple trees grafted onto G.213, G.202, G.757, G.814, M.9, and CAT16 rootstocks exhibited higher concentrations of jasmonic acid and 
trans-zeatin-riboside, along with lower concentrations of abscisic acid (ABA). The decreased ABA concentration and increased 
trans-zeatin-riboside concentration account for the easier budding process, requiring fewer chilling hours. Jasmonic acid is 
acknowledged as a stress hormone that plants produce in response to both biotic and abiotic stresses, and can trigger certain levels of 
plant resistance. The authors associated the elevated concentration of jasmonic acid with a potential mechanism for disease resistance 
in the specific replanting areas examined in this study. However, additional research on the development of CG series rootstocks in 
various apple-growing regions of southern Brazil is still necessary, particularly in replanting conditions with fallow land. Accordingly, 
the objective of the current study was to determine the effect of various Geneva series rootstocks on the yield performance of ‘Gala 
Select’ and ‘Fuji Suprema’ under replanting conditions with two years of fallow land in the edaphoclimatic conditions of southern 
Brazil during 2018/19, 2019/20, and 2020/21 growing seasons. 

2. Materials and methods 

The experiments were carried out in commercial apple orchards in replanting conditions with two years of fallow land in Painel/SC 
and Caxias do Sul/RS Municipalities, Santa Catarina (SC) and the Rio Grande do Sul (RS) states, respectively, during 2018/19, 2019/ 
20, and 2020/21 growing seasons. The site of the experiments was located at 29◦12′ 94″ S, 51◦15′83″ W at an altitude of 830 m above 
sea level in Caxias do Sul/RS. The climate of Painel/SC and Caxias do Sul/RS are Cfb, humid mesothermal with mild summers and Cfa, 
humid subtropical with hot summers and cold and rainy winters, according to Köppen’s classification [18]. Daily rainfall, relative 
humidity, hourly temperatures, and chilling hours (minimum period in hours of cold weather after which a fruit-bearing tree will 
blossom) were recorded at Pinheiros Altos (Painel/SC) and Basf/SA (Caxias do Sul/RS). In both regions, the weather station (Davis 
Pro2-6153; Onset Computer Corp., Pocasset, MA, USA) was situated approximately 20 m away from the orchards. 

The apple orchards were planted in 2017 in a replanting condition with two years of fallow land in the Painel/SC and Caxias do Sul/ 
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RS regions. The soil of the Painel/SC region fall into the classes cambisol humic, neossol litolic, and nitossol haplic, formed from 
riodacite rock and basalt, and the Caxias do Sul/RS region into the latossolo bruno dystrophic, with smooth to wavy relief, containing 
high levels of clay and aluminum, according to the Brazilian Soil Classification System [26]. Soil analysis before the start of the 
experiment revealed the following average composition for Painel/SC and Caxias do Sul/RS regions at the 20–40 cm depths: 3.2 mg 
kg− 1 P; 0.21 meq 100 L− 1 K; 13 meq 100 L− 1 Ca; 6.6 meq 100 L− 1 Mg; 5.1 % organic matter; and 0.11 % Al. In order to correct the 
acidity, liming was carried out in soil, in order to raise the soil pH in water to 6.0. In the correction fertilization, K2O and P2O5 were 
applied when necessary, following the recommendation of the Soil Chemistry and Fertility Committee RS/SC [3]. ‘Gala Select’ and 
‘Fuji Suprema’ seedling were grafted 10 cm above the ground (whip and tongue grafting) on the G.202, G.814, G.210, and G.213 
rootstocks and trained to the tall spindle at a high density. The G.202, G.814, G.210, and G.213 rootstocks originate from the Cornell 
University Breeding Program. They were chosen for their resistance to collar root rot and woolly apple aphid, and some of them exhibit 
suitable tolerance to Apple Replant Disease (ARD). The selection of ‘Gala Select’ and ‘Fuji Suprema’ was based on their widespread 
utilization as prominent clones in southern Brazil. 

Trees in the orchard were planted in Painel/SC with a spacing of 3.5 m × 0.90 m and a plant density of 3174 plants ha− 1 and 3.5 m 
× 1.10 m, with a plant density of 2597 plants ha− 1. Similarly, in Caxias do Sul/RS, trees were planted with a spacing of 3.5 m × 0.90 m 
and a plant density of 3174 plants ha− 1 and 3.5 m × 1.0 m and a plant density of 2857 plants ha− 1 for ‘Gala Select’ and ‘Fuji Suprema’, 
respectively. The orchards in the Painel/SC and Caxias do Sul/RS municipalities were established using a drip irrigation system right 
from planting, and they were protected with anti-hail nets. Pruning activities were conducted to eliminate branches that could compete 
with the central leader. Additionally, chemical fruit thinning and integrated pest management practices were implemented for both 
regions and cultivars, according to local recommendation. 

Yield performance of ‘Gala Select’ and ‘Fuji Suprema’ on Geneva series rootstocks was evaluated using the following variables:  

• Total plant height (m), measured with a flexible tape graduated in millimeters, from the grafting point to the apex of the plant;  
• Canopy volume (m3): obtained by measuring L = canopy length, H = canopy height from first branch insertion point to apex, W =

canopy width, and using equation (L × H × W) [15];  
• Trunk cross-sectional area (TCSA) (cm2), obtained by the average of the longitudinal and transversal measure of trunk diameter at 

10 cm above the grafting point. To convert truck diameters to TCSA, equation A = (πd2)/4 was used, where d = trunk diameter;  
• Number of branches, obtained by counting all branches larger than 10 cm extending from the central leader;  
• Productive efficiency, calculated through the ratio of fruit weight mean per plant (kg⋅cm2) to crown trunk cross-sectional area 

(cm2), expressed in kg of fruits produced per square centimeter of TCSA;  
• Cumulative yield (t⋅ha− 1), obtained by adding all crop yields from 2018 to 2021;  
• Inc t⋅cm2 (kg): the average increment of production per increment of TCSA. 

The variables total plant height, canopy volume, TCSA, and number of branches were measured during winter time between the 
beginning of June and the end of July for each growing season. The ‘Gala Select’ and ‘Fuji Suprema’ combinations harvest began 
approximately 120 (February) and 175 days (March) after flowering, respectively, of each growing season when the fruits have 
reached commercial maturity as determined by the starch-iodine index (4–5), pulp fruit firmness (80–90 N), and soluble solids (11–12◦

Brix). 
The fruits were counted and weighed and subsequently, the fruit quality of ‘Gala Select’ and ‘Fuji Suprema’ on Geneva series 

rootstocks were determined by the following variables:  

• Category classification (%), where a sample of 20 fruits per plot was used for CAT1 and CAT2 classification. CAT1 fruits had a red 
color of ≥50 % and CAT2 had a red color of <50 %. Other defects were not accounted for in this classification;  

• Fruit size (%), a sample of 20 fruits per plot was used to classify the fruits size. A flexible ruler graduated in cm was used physically 
to measure the fruits diameter. The fruit classification was made by fruit caliber category, measured through the proportional 
representation of fruits in each caliber category. The numbering of 300, 250, 220, 198, 180, 165, 150, 135, 120, 110, 100, 90, 80, 
70, and 60, representing the fruits number fitted inside per 18 kg box. Fruits category between 100 and 120 was classified as large 
fruits (caliber 100–120), between 120 and 150 as medium fruits (caliber >120–150), and bigger than 150 as small fruits (caliber 
>150).  

• Starch-iodine index (scale 1 to 9), obtained by reacting fruit starch with a solution of 12 g of metallic iodine and 24 g of potassium 
iodide in 1 L of distilled water. After classifying the fruits on a scale from 1 to 9, they were categorized as follows: 1–3: immature 
fruits, 4–6: ripe fruits, and 7–9: overripe fruits;  

• Firmness (N), where 50 fruits were measured per plot using a digital texture analyzer with an 11 mm tip. The measurement was 
performed in the equatorial zone of the fruit after two epidermis discs of about 1 cm in diameter were removed from opposite sides;  

• Total soluble solids (TSS) (◦Brix), measured with a digital refractometer from the juice extracted from a slice of each fruit in a 
sample of 50 fruits. 

The experiments were conducted in a completely randomized experimental block of 10 plants along each row with four replica
tions. The yield performance and fruit quality were analyzed for each Region/Municipality and the results were submitted to the 
Shapiro-Wilk and Bartlett tests. The data were transformed into √(x + 0.5) when necessary. Using R software [20], significance tests 
were conducted using analysis of variance, and the means were grouped using the Tukey test at 5 %. Multivariate analysis was per
formed using principal component analysis (PCA). 
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The PCA is an unsupervised learning algorithm technique that allows to summarize and to visualize the information in a data set 
containing observations described by multiple inter-correlated quantitative variables. Thus, the PCA is used to extract the important 
information from a multivariate data table and to express this information as a set of few new variables called principal components. 
These new variables correspond to a linear combination of the originals. Correlation analyses and ANOVA were employed as sup
plementary analytical techniques, utilized selectively to provide additional support and interpretation for the PCA results. 

3. Result 

During the evaluation period from October 2017 to December 2020, the average maximum and minimum temperatures, total 

Fig. 1. Average monthly accumulated rainfall (mm), maximum, average and minimum temperature (◦C) at Painel/SC (A) and Caxias do Sul/RS (B) 
and Annual accumulated chilling hours ≤7,2 ◦C (C) municipality, southern Brazil, from October 2017 to December 2020, across the three 
growing seasons. 
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rainfall, and chilling hours were 19.7 ◦C, 10.3 ◦C, 1654 mm, and 630 h at the Panel/SC and 21.9 ◦C, 12.6 ◦C, 1417 mm, and 392 h at the 
Caxias do Sul/RS (Fig. 2), respectively (Fig. 1). 

The average minimum and maximum temperatures during the phenological stage of beginning of sprouting (August), fruit growth 
and development (December to January), and harvest (February to April) were 10◦C-12 ◦C, 18◦C-20 ◦C, and 17◦C-20 ◦C for the region 
of Panel/SC and 12◦C-13 ◦C, 20◦C-22 ◦C, and 19◦C-21 ◦C for the region of Caxias do Sul/RS, respectively (Figs. 1A and 2A). However, 
the average maximum temperatures from the beginning (February) to the end of the harvest (April) was approximately 30 ◦C and 32 ◦C 
for Panel/SC and Caxias do Sul/RS, respectively (Figs. 1A and 2A). Additionally, the number of chilling hours from beginning of 
Autumn (April) to end of Winter (September) was 740, 354, and 754 h, in Panel/SC; while in Caxias do Sul/RS it was 328, 221, and 
628 h during 2018, 2019, and 2020 growing seasons, respectively (Fig. 1C). According to Csihon [2], the significance of conducting 
cultivar testing across diverse climatic conditions lies in the substantial influence these test outcomes wield over growers’ selection of 
cultivars for establishing new plantations. Despite sharing a similar soil classification, the two regions experience distinct climatic 
conditions. In Painel/SC, a higher number of chilling hours and lower minimum and maximum temperatures were observed compared 
to Caxias do Sul/RS (Fig. 1). 

Figs. 2 and 5, 3 and 6, and 4 and 7 depict the yield-productive efficiency, vigor-productive efficiency and fruit quality results of 
‘Gala Select’ and ‘Fuji Suprema’ grafted on a series Geneva® rootstocks over the 2018/19, 2019/20 and 2020/21 growing seasons, 
respectively. The comparison between cultivars was not performed on the basis of specific cultivars characteristics, and the rootstocks 
were compared within each cultivar. 

The yield performance and fruit quality data of ‘Gala Select’ and ‘Fuji Suprema’ grafted on Geneva series rootstocks differed 
significantly. In addition, the principal component analysis (PCA) data showed the best variables that can describe the effect of the 
G.814, G.210, G.202, and G.213 rootstocks on ‘Gala Select’ and ‘Fuji Suprema’ yield performance and fruit quality in different climatic 
conditions of the Painel/SC and Caxias do Sul/RS (Figs. 3, 4, 6 and 7). To further enhance and reinforce the interpretations of the PCA, 
Figs. 8 and 9 depict the correlation matrices between variables for the Painel/SC and Caxias do Sul/RS municipalities, respectively. 

Fig. 2. Yield and productive efficiency of ‘Gala Select’ (A) and ‘Fuji Suprema’ (B) grafted on a series Geneva® rootstocks, under replanting area at 
Painel/SC municipality, southern Brazil. 
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3.1. Painel/SC experimental area 

Fig. 3 depict the PCA result of the yield performance of the ‘Gala Select’ and ‘Fuji Suprema’ cultivars grafted on the G.814, G.210, 
G.202, and G.213 rootstocks. The points represent the rootstocks, and the axes represent the vectors that describe the variable weights 
used to depict the behavior of the first two major components. Tables 1 and 2 display the means of the measured variables, aiming to 
provide support for the interpretations of the PCA. For both cultivars the first component separated the rootstocks based on their vigor, 
while the second component separated them based on the yield performance that they provided to the canopy cultivars. The distance 
between the G.202 and G.213 and the G.210 and G.814 rootstocks groups represented the vigor, because the G.202 and G.213 and the 
G.210 and G.814 are dwarf and semi-dwarf rootstocks, respectively. Despite these two vigor groups of rootstocks, the yield perfor
mance of ‘Gala Select’ was unrelated to vigor, with the semi-dwarf G.210 (82 t ha− 1) and dwarf G.213 (80 t ha− 1) rootstocks producing 
the highest yields. As evidenced by the second principal component, the productivity of the rootstocks G.213 and G.210 are related to 
the greater productive efficiency of both rootstocks. The ‘Gala Select’/G.202 combination demonstrated a correlation between vigor 
and yield performance, with the lowest yield performance (45 t ha− 1) and productive efficiency (2.0 kg cm− 2). 

The first principal component of ‘Fuji Suprema’ (75.6 % of the data variation) showed an inversely proportional relationship of 

Fig. 3. Vigor-productive efficiency relationship of Gala Select (A) and Fuji Suprema (B) cultivars grafted on a series of Geneva® rootstocks, under 
replanting area at Painel municipality, southern Brazil. According to ‘Gala Select’, the first component separated the rootstocks based on their vigor, 
while the second component separated them based on the yield performance that they provided to canopy cultivar. According to ‘Fuji Suprema’, the 
first principal component variables that represent the vigor were inversely proportional to the productive efficiency and proportional to the yield 
performance. 
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vigor and productive efficiency and a proportional relationship of vigor and productivity. Thus, the G.213 rootstock presented higher 
productive efficiency, but it was not the rootstock with the highest productivity. The G.814 rootstock was the most productive when 
compared with all other vigorous rootstocks grafted on “Fuji Suprema’ (Fig. 3). 

The fact that the ‘Gala Select’ and ‘Fuji Suprema’ “inc t cm-2” variable was strongly positively correlated with the G.213 rootstock, 
as depicted in Fig. 3, indicates that the yield increment per TCSA unit was substantial for the G.213 rootstock. This feature indicates a 
constant growth in the yield performance of both cultivars under G.213 rootstock, even with a small increase in the cross-sectional area 
of the trunk. 

There was a significant difference (p ≤ 0.05) in the cumulative yield performance and productive efficiency of ‘Gala Select’ and 
‘Fuji Suprema’ grafted on Geneva series rootstocks. Yield performance and productive efficiency variables did not distinguish dwarf 
(G.213) and semi-dwarf (G.210) rootstocks for ‘Gala Select’ and ‘Fuji Suprema’ (Fig. 3A and B). The ‘Gala Select’/G.210 combination 
exhibited the highest cumulative yield (82 t ha− 1) and was 2.5 %, 34.5 %, and 85 % more productive than ‘Gala Select’/G.213 (80 t 
ha− 1), ‘Gala Select’/G.814 (61 t ha− 1), and ‘Gala Select’/G.202 (45 t ha− 1) in replanting conditions with two years of fallow land, 
during 2018/19, 2019/20, and 2020/21 growing seasons, respectively (Fig. 2A). However, the ‘Gala Select’/G.213 combination 
demonstrated the highest productive efficiency (2.9 kg cm− 2) despite being only 20.8 % greater than ‘Gala Select’/G.210 (2.4 kg cm− 2) 
(Fig. 2A). 

Fig. 4. Fruit quality analysis of the cultivar Gala Select (A) and Fuji Suprema (B) grafted on a series of Geneva® rootstocks, under replanting area at 
Painel municipality, southern Brazil. According to ‘Gala Select’, the first main component separated the rootstocks mainly by fruits caliber and 
firmness. Medium caliber and firmness were inversely proportional to smaller and larger calibers. The second main component differentiated the 
fruit quality mainly by the fruits category. According to ‘Fuji Suprema’, the first main component correlated the CAT1 category with the largest and 
smallest fruit caliber, and the second main component differentiated the rootstocks mainly by fruits firmness. 
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‘Fuji Suprema’/G814 combination had the highest yield performance (83 t ha− 1), followed by ‘Fuji Suprema’/G.210 (61 t ha− 1), 
‘Fuji Suprema’/G.213 (60 t ha− 1), and ‘Fuji Suprema’/G.202 (59 t ha− 1) (Fig. 2B). ‘Fuji Suprema’/G.814 (83 t ha− 1) combination was 
39 % more productive than ‘Fuji Suprema’/G.202 over the course of three years (59 t ha− 1). However, the ‘Fuji Suprema’/G.213 
combination demonstrated the highest productive efficiency at 2.5 kg cm− 2 (Fig. 2B). 

The fruit size was the primary factor that distinguished the impact of the rootstocks on fruit quality. The G.210 and G.213 root
stocks were distinguished primarily by the vector of largest caliber of fruit for the ‘Gala Select’ (Fig. 4A). The ‘Gala Select’/G.210 and 
‘Gala Select’/G.213 combinations produced the plants with the highest fruit yield and caliber fruits (Fig. 4A). These two combinations 
‘Gala Select’/G.210 and ‘Gala Select’/G.213 had the highest yield performance at 82 t ha− 1 and 80 t ha− 1, respectively, and produced 
fruits with a larger fruit caliber. The performance of the ‘Fuji Suprema’/G.210 and ‘Fuji Suprema’/G.814 combinations was identical 
(Fig. 4B). At the time of harvest, the ‘Gala Select’/G.213 and ‘Fuji Suprema’/G.213 combinations showed the highest soluble solids 
content and starch-iodine index (more ripe fruits) (Fig. 4B). 

3.2. Caxias do Sul/RS experimental area 

Fig. 6A and B depict the PCA results of the vigor-productive efficiency relationship of the ‘Gala Select’ and ‘Fuji Suprema’ on the 
Geneva® series rootstocks, under replanting area in Caxias do Sul municipality, southern Brazil. The points represent the rootstocks, 
while the axes represent the vectors that describe the weight of the various yield performance variables in order to depict the behavior 
of the first two major components. Tables 3 and 4 display the means of the measured variables, aiming to provide support for the 
interpretations of the PCA. According to vigor, there was a constant separation among ‘Gala Select’ and ‘Fuji Suprema’/G.210, ‘Gala 
Select’ and ‘Fuji Suprema’/G.814, ‘Gala Select’ and ‘Fuji Suprema’/G.213, and ‘Gala Select’ and ‘Fuji Suprema’/G.202. ‘Gala Select’ 
and ‘Fuji Suprema’ were less vigorous when grown on dwarfing rootstocks than on semi-dwarfing rootstocks. The productive efficiency 
of the combinations ‘Gala Select’ and ‘Fuji Suprema’/G.213 was 73 % and 110 % greater than that of the combinations ‘Gala Select’ 

Fig. 5. Yield and productive efficiency of the ‘Gala Select’ (A) and ‘Fuji Suprema’ (B) grafted on a series of Geneva® rootstocks, under replanting 
area in Caxias do Sul municipality, southern Brazil. 
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and ‘Fuji Suprema’/G.210, respectively. ‘Gala Select’ and ‘Fuji Suprema’/G.202 were the least productive combinations (Fig. 6A and 
B), and despite the fact that ‘Fuji Suprema’/G.210 and ‘Fuji Suprema’/G.814 were combinations with semi-dwarfing rootstocks, their 
yield performance was superior to that of combinations with dwarfing rootstocks. The greater vigor induced by the G.814 rootstock in 
the ‘Fuji Suprema’ had no effect on the cumulative yield performance (115 t ha− 1) that was 34 % greater than when grafted on the 
G.202 rootstock throughout all growth seasons (86 t ha− 1). 

Despite the fact that G.213 is a dwarf rootstock, ‘Gala Select’/G.213 combination was the most productive combination during 
2018/19, 2019/20, and 2020/21 growing seasons, with the highest cumulative yield performance and productive efficiency of 134 t 
ha− 1 and 5.9 kg cm− 2, respectively (Fig. 5A). ‘Gala Select’/G.213 was approximately 10 % and 14.5 % more productive than ‘Gala 
Select’/G.202 (117 t ha− 1) and ‘Gala Select’/G.814 (121 t ha− 1) and ‘Gala Select’/G.210 (123 t ha− 1) (Fig. 5A). 

The ‘Fuji Suprema’/G814 combination demonstrated the highest cumulative yield performance (115 t ha− 1) during 2018/19, 
2019/20, and 2020/21 growing seasons, despite that G.814 is a semi-dwarf rootstock (Fig. 5B). ‘Fuji Suprema’/G.814 combination 
was 34 % more productive than ‘Fuji Suprema’/G.202, ‘Fuji Suprema’/G.210, and ‘Fuji Suprema’/G.213 (Fig. 5B). Despite having the 
lowest cumulative yield performance, the ‘Fuji Suprema’/G.213 combination demonstrated the highest productive efficiency (3.8 kg 
cm− 2) compared to other rootstocks (Fig. 5B). 

Fig. 7 depicts the results of the PCA for fruit quality variables. According to fruit quality, the ‘Gala Select’ combinations under all 
rootstocks formed two distinct groups. ‘Gala Select’/G.213 and ‘Gala Select’/G.210 were the combinations that produced the greatest 

Fig. 6. Vigor-productive efficiency relationship of the ‘Gala Select’ (A) and ‘Fuji Suprema’ (B) on the Geneva® series rootstocks, under replanting 
area in Caxias do Sul municipality, southern Brazil. For both Gala Select and Fuji Suprema, the first component separated the rootstocks based on 
their vigor, inversely proportional to productive efficiency, while the second component separated them based on the yield performance that they 
provided to the canopy cultivars. 
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quantity and quality of fruits with the highest caliber (Fig. 7A). Thus, despite being the most productive, these combinations also 
produced fruits of the largest caliber and the same condition was observed in the ‘Fuji Suprema’ (Fig. 7B). The ‘Gala Select’ and ‘Fuji 
Suprema’/G.213 combination had the largest fruit caliber and the highest total soluble solids, and lesser firmness than the ‘Fuji 
Suprema’/G.202 and ‘Fuji Suprema’/G.814 combinations (Fig. 7). 

‘Fuji Suprema’/G.213 and ‘Fuji Suprema’/G.202 combinations exhibited the highest total soluble solids and distinguished dwarfing 
from semi-dwarfing combinations. The ‘Fuji Suprema’/G.202 combination showed greater fruit firmness than the ‘Fuji Suprema’/ 
G.213 combination. The ‘Fuji Suprema’/G.210 combination produced a greater quantity of larger fruits than the ‘Fuji Suprema’/G.814 
combination, which produced fruits with greater firmness. The ‘Fuji Suprema’/G.213 demonstrated a strong positive correlation with 
classes of large and large and small fruits. Thus, ‘Fuji Suprema’/G.213 and ‘Fuji Suprema’/G.210 produced comparable quantities of 
large-sized fruit (Fig. 7B). 

4. Discussion 

The rootstocks vigor induced to the different combinations of the ‘Gala Select’ and ‘Fuji Suprema’ under the rootstocks G.202, 

Fig. 7. Fruit quality analysis of the ‘Gala Select’ (A) and ‘Fuji Suprema’ (B) grafted on a series of Geneva® rootstocks, under replanting area in 
Caxias do Sul municipality, southern Brazil. According to ‘Gala Select’, the first main component separated the rootstocks mainly by the fruits 
caliber that were inversely proportional to fruits firmness and category. The second main component differentiated the rootstocks mainly by the 
fruits medium caliber that were inversely proportional to the fruits smaller caliber. According to ‘Fuji Suprema’, the first main component 
differentiated the rootstocks mainly by the fruits firmness that were correlated with fruits larger calibers that were inversely proportional of fruits 
average calibers and soluble solids content. The second main component differentiated the rootstocks mainly by fruits category. 
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G.814, G.210, and G.213 in both the Painel/SC and Caxias do Sul/RS regions, classified the G.814 and G.210 rootstocks as semi- 
dwarfing and the G.202 and G.213 rootstocks as dwarfing, corroborating with Petri [19], Denardi [4,5], Macedo [15], and Rufato 
[25]. The physio-morphological expression of the cultivar/rootstock combination is influenced by the soil, climate, rootstocks, and 
cultivar-canopy [29]. The vigorous rootstocks can be used in soils with low natural and/or shallow fertility, while the less vigorous 
rootstocks can be used in soils with high fertility, allowing the vegetative-productive balance of the cultivar-canopy to be maintained 
[17]. The ability to control the vigor of apple plants, thereby enabling denser plantings, was a primary objective in the development of 
the Geneva series rootstocks [24]. 

Differences in the cumulative productive performance (cumulative yield and productive efficiency) of ‘Gala Select’ and ‘Fuji 
Suprema’ combinations under G.202-G.213 (dwarfing) and G.210-G.814 (semi-dwarfing) rootstocks were observed for each vigor 
classification group, at the experimental site of Painel/SC region. During 2018/2019, 2019/2020, and 2020/2021 growing seasons, 
the ‘Gala Select’/G.210 (semi-dwarfing) combination and ‘Gala Select’/G.213 (dwarfing), produced a greater cumulative yield. 
However, the ‘Gala Select’/G.213 (dwarfing) combination demonstrated a 22 % higher productive efficiency than ‘Gala Select’/G.210 
(semi-dwarfing), likely due to a greater capacity to control plant the vigor of the plants. The high cumulative yield of the ‘Gala Select’/ 
G.210 was also observed by Reig [22] in an experiment that was developed in a replanting area in the United States of America (USA) 
using the ‘Super Chief Delicious’ cultivar. 

The ‘Fuji Suprema’/G.814 (semi-dwarfing) combination had the highest cumulative yield over the evaluation period; however, the 
‘Fuji Suprema’/G.213 (dwarfing) combination was 25 % more yield efficient (semi-dwarfing). The highest productive efficiency of 
dwarfing rootstocks (‘Fuji Suprema’/G.213) was observed in plants with regulated vegetative growth and the proper planting density 
[13]. Consequently, even under replanting conditions with two years of fallow, the evaluated Geneva rootstocks maintained the same 
vigor features that Denardi [5] and Macedo [15] observed in replanting areas. According to these authors, among dwarfing rootstocks, 
G.213 show the highest yield performance, regular production, productive efficiency, and average fruit mass. According to Macedo 
[15], the ‘Maxi Gala’/G.213 combination demonstrated greater precocity and productive efficiency in virgin soil and in replanting soil, 

Fig. 8. Correlation of vigor-productive efficiency variables of the ‘Gala Select’ (A) and ‘Fuji Suprema’ (B), and Fruit quality variables of the ‘Gala 
Select’ (A) and ‘Fuji Suprema’ (B) grafted on a series of Geneva® rootstocks, under replanting area in Painel municipality, southern Brazil. 
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as well as less alternate bearing in replanting soil, demonstrating the greater productive stability of the rootstock G.213. The precocity 
induced by the dwarfing rootstock is important for the return on the initial capital investment in the orchard [19]. This precocity 
permits densely planted crops with a high initial investment but a rapid financial return [13,14]. 

Similar to the Painel/SC region, differences in productive performance were observed between cultivars and rootstocks in the 
Caxias do Sul/RS region. The ‘Gala Select’/G.213 (dwarfing) combination produced a cumulative yield that was 21 % higher than ‘Gala 
Select’/G.202 combination and 70 % higher than ‘Gala Select’/G.814 and ‘Gala Select’/G.210 combinations, during the 2018/2019, 
2019/2020 and 2020/2021 growing season. The ‘Fuji Suprema’/G.213 (dwarfing) combination showed a cumulative yield of 21 % 
higher than ‘Fuji Suprema’/G.202 combination and a 138 % higher productive efficiency than ‘Fuji Suprema’/G.814 combination over 
the same period of evaluation. Apple plants on the Geneva series rootstocks exhibit the highest productive performance in comparison 

Fig. 9. Correlation of vigor-productive efficiency variables of the ‘Gala Select’ (A) and ‘Fuji Suprema’ (B), and Fruit quality variables of the ‘Gala 
Select’ (A) and ‘Fuji Suprema’ (B) grafted on a series of Geneva® rootstocks, under replanting area in Caxias do Sul municipality, southern Brazil. 

Table 1 
Vigor-productive variables (mean) of the ‘Gala Select’ (A) and ‘Fuji Suprema’ (B) on the Geneva® series rootstocks, under replanting area in Painel 
municipality, southern Brazil.   

Cultivar 
Rootstock Plant 

Height 
TCSA Number of 

Branches 
Canopy 
Volume 

Productivity Cumulative 
Yield 

Productive 
Efficiency 

Inc 
t_cm2 

Painel 
Gala 

G.202 2.67 7.18 18.15 1.01 16.69 50.06 0.68 3.43 
G.210 2.98 9.25 21.07 1.73 27.14 81.42 0.80 4.56 
G.213 2.75 7.56 17.03 1.52 26.86 80.57 0.98 5.27 
G.814 3.02 8.89 21.19 2.05 20.37 61.11 0.70 2.43 

Painel 
Fuji 

G.202 3.04 9.10 21.78 2.44 19.87 59.61 0.64 4.35 
G.210 3.29 12.24 25.05 3.08 20.75 62.26 0.56 3.36 
G.213 2.83 7.17 17.24 1.78 20.03 60.09 0.85 5.91 
G.814 3.30 12.49 23.70 2.59 27.98 83.93 0.67 4.15  
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to the traditional rootstocks used worldwide, such as M.9, M.26, and M.27 [8]. 
Due to the absence of thinning during the 2019/2020 growing season in order to maximize production, the yields of the ‘Gala 

Select’ under all evaluated Geneva rootstocks decreased in 2021. The average yield performance of these later combinations in the 
2020 harvest was above the average of the previous year, at 76.85 t ha− 1, reflecting a 59 % reduction in the ‘Gala Select’/G.202 
(dwarfing) combination and ‘Gala Select’/G.814 (semi-dwarfing) and a 25 % reduction on ‘Gala Select’/G.213 (dwarfing) and ‘Gala 
Select’/G.210 (semi-dwarfing). Thus, the ‘Gala Select’/G.213 and ‘Gala Select’/G.210 combinations exhibited less alternate bearing. 
However, ‘Gala Select’/G.213 (dwarfing) combination productive efficiency was 80 % higher. 

The ‘Gala Select’/G.213 and ‘Fuji Suprema’/G.213 (dwarfing) combinations had the best production stability over the evaluated 
years, and the fact these combinations were less susceptible to the alternate bearing when compared to the ‘Gala Select’/G.210 and 
‘Fuji Suprema’/G.210 (semi-dwarfing) combinations, could be justified according to Reig [22], where rootstocks that are more effi
cient in controlling plants, vigor provided less apple alternate bearing. The alternate bearing is a result of the inhibition of the floral 
process brought on by the excessive production of gibberellins by apple seeds during their formation phase and the excessive con
sumption of plant reserves during years of high production [21,22]. 

Despite the difference in vigor, the ‘Fuji Suprema’/G.814 combination was approximately 21 % more productive than the other 
rootstocks in the Painel/SC and Caxias do Sul/RS regions, and there was no significant difference in average or cumulative yield. 
According to Lordan [13,14], the G.814 semi-dwarfing rootstock has high productivity and induces greater vigor to cultivate canopy 
than the apple stem grooving virus (ASGV) vulnerable M.9T337 rootstock [10]. 

‘Gala Select’ and ‘Fuji Suprema’/G.213 (dwarfing) combinations maintained greater productive efficiency than the same cultivars 
with other rootstocks, outperforming by 40 % the ‘Gala Select’ and ‘Fuji Suprema’/G.814 (semi-dwarfing) combinations in Painel/SC 
and Caxias do Sul/RS regions. The superior productive efficiency of ‘Gala Select’ and ‘Fuji Suprema’/G.213 (dwarfing) combinations 
resulted in a high average yield of five tones, which was attributable, in part, to an increase in trunk cross-sectional area (TCSA) of 35 % 
over G.814 (semi-dwarfing) and 52 % over G.210 (dwarfing). According to Petri [19], a high productive efficiency is a crucial 
characteristic that permits the densification of apple orchards, thereby enhancing yield performance. 

‘Gala Select’ and ‘Fuji Suprema’ under G.213 (dwarfing) and G.814 (semi-dwarfing) rootstocks were the combinations with 
comparable fruit caliber (size), despite ‘Gala Select’ and ‘Fuji Suprema’/G.213 combinations presenting highly mature fruits at harvest 
and indicating harvest advance. According to Denardi [4] ‘Gala Select’/G.213 (semi-dwarfing) and ‘Fuji Suprema’/G.210 (dwarfing) 
combinations produced a greater quantity of large-sized fruit. However, Pasa [17] evaluated the fruit size in the ‘Fuji Suprema’ for 
various rootstocks and concluded that differences in fruit weight are not consistent over time and are likely not attributable to 
rootstock influence. 

5. Conclusions 

5.1. Geneva series rootstocks are well adapted under fallow land and replanting conditions in southern Brazil. 
5.2. ‘Gala Select’ and ‘Fuji Suprema’ grafted under different Geneva series rootstocks are separate into two vigor groups, ‘Gala 

Select’ and ‘Fuji Suprema’/G.202 and G.213 (dwarfing) and ‘Gala Select’ and ‘Fuji Suprema’/G.210 and G.814 (semi-dwarfing). 
5.3. The combinations ‘Gala Select’/G.213 (dwarfing) and ‘Gala Select’/G.210 (semi-dwarfing) are similar in yield performance, 

despite that the ‘Gala Select’ and ‘Fuji Suprema’/G.213 (dwarfing) combinations are superior in productive efficiency. 
5.4. ‘Gala Select’/G.210 and G.213 and ‘Fuji Suprema’/G.210 and G.213 are the combinations with the largest fruit caliber in both 

Painel/SC and Caxias do Sul/RS regions, despite that ‘Gala Select’ and ‘Fuji Suprema’/G.210 combinations produce more amount of 
bigger fruit caliber. 

5.5. ‘Gala Select’ and ‘Fuji Suprema’/G.213 combinations anticipate the fruit ripping with a higher degree of brix and a higher 
iodine-starch index in both Painel/SC and Caxias do Sul/RS regions. 

5.6. ‘Gala Select’/G.210 (semi-dwarfing) and G.213 (dwarfing) are the combinations with high yield performance, productive 
efficiency and fruit quality. 

5.7. ‘Gala Select’/G.213 (dwarfing) combination present a constant and better yield and is more reliable to the producer, and less 
vigorous, resulting in lower labor costs than ‘Gala Select’/G.210 combination. 

Table 2 
Qualitative variables (mean) of the ‘Gala Select’ (A) and ‘Fuji Suprema’ (B) on the Geneva® series rootstocks, under replanting area in Painel mu
nicipality, southern Brazil.   

Cultivar 
Rootstock Firmness Total Soluble Solids CAT1 Ripe Fruit Caliber 100-120 Caliber 120-150 Caliber >150  

Painel Gala 
G.202 89.45 12.98 76.25 95.00 3.75 57.50 38.75 
G.210 85.90 12.81 91.88 67.50 5.00 53.75 41.25 
G.213 88.19 13.14 80.00 60.00 7.50 55.00 37.50 
G.814 91.30 11.94 90.63 62.50 2.50 61.25 36.25  

Painel Fuji 
G.202 77.77 14.19 98.75 50.00 33.75 43.75 22.50 
G.210 78.51 13.60 100.00 77.50 26.25 46.25 27.50 
G.213 77.60 14.84 97.50 85.00 47.96 36.78 15.26 
G.814 75.55 13.90 100.00 70.00 41.12 38.42 20.46  
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Table 3 
Vigor-productive variables (mean) of the ‘Gala Select’ (A) and ‘Fuji Suprema’ (B) on the Geneva® series rootstocks, under replanting area in Caxias do Sul municipality, southern Brazil.   

Cultivar 
Rootstock Plant Height TCSAa Number of Branches Canopy Volume Productivity Cumulative Yield Productive Efficiency Inc t_cm2** 

Gala Select G.202 2.96 8.38 21.35 1.30 37.88 113.64 1.70 1.00 
G.210 3.36 11.18 28.92 1.89 41.74 125.22 1.20 − 0.26 
G.213 2.96 7.67 24.04 1.30 45.69 137.07 2.18 4.73 
G.814 3.49 11.88 27.68 1.66 41.16 123.47 1.21 − 1.53 

Fuji Suprema G.202 3.30 11.24 23.66 2.94 29.70 89.11 0.73 4.00 
G.210 3.65 16.70 29.34 3.36 32.31 96.93 0.54 2.41 
G.213 2.85 7.33 20.37 1.49 32.03 96.10 1.30 6.35 
G.814 3.66 16.95 29.61 3.03 37.92 113.76 0.61 3.79  

a Trunk cross-sectional area (cm2). 
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INTRODUCTION

The balance between the vegetative 
and productive parts of the grape plant is crucial 
for the success of grape cropping and production 

with oenological quality (BRIGHENTI et al., 
2011). Vegetative growth is mainly influenced by 
the interaction between canopy and rootstock and 
characterized by the vigor balance (FELDBERG et al., 
2007). Plant imbalance can induce serious problems, 

1Programa de Pós-graduação em Produção Vegetal, Centro de Ciências Agroveterinárias (CAV), Universidade do Estado de Santa Catarina 
(UDESC), 88520-000, Lages, SC, Brasil. E-mail: amauri.bogo@udesc.br. *Corresponding author.

ABSTRACT: Prohexadione-calcium (ProCa) is a gibberellin biosynthesis inhibitor and the objective of this study was to evaluate the effect 
of ProCa on the downy mildew (DM) and Botrytis bunch rot (BBR) epidemiology, and the yield and technological and phenolic parameters 
of grape Merlot cultivar. Experiments were carried out in a commercial vineyard in São Joaquim Municipality/SC, Southern Brazil, during 
the 2017–2018 and 2018–2019 growing seasons. ProCa was applied at four doses and three phenological stages: A) 0 g ha−1 (control); B) 
1000 g ha−1 (inflorescence fully developed); C) 500 + 500 g ha−1 (inflorescence fully developeted and full flowering); D) 500 + 500 + 500 g 
ha−1 (inflorescence fully developed, full flowering, and berries pea-sized). DM and BBR incidence and severity were quantified weekly from 
the first symptom appearance until harvest, and their epidemiology was compared according to: a) the beginning of symptom appearance; b) 
the time to reach the maximum disease incidence and severity; c) the maximum value of disease incidence and severity; d) the area under the 
disease progress curve. In general, there were significant differences in the ProCa doses for all epidemiologic parameters of DM and BBR 
compared with the control plot; however, there was no significant difference among the ProCa doses. The principal epidemiological variables 
that differentiated the effect of ProCa on the DM and BBR control were the Smax and AUSDPC. Some yield and technological and phenolic 
parameters were negatively affected by different doses of ProCa, but it was still a good option for DM and BBR control in highland region of 
southern Brazil during the 2017–2018 and 2018–2019 growing seasons.
Key words: Vitis vinifera, Plasmopara viticola, Botrytis cinerea, Area under disease progress curve, Grape quality.

RESUMO: A prohexadiona-cálcio (ProCa) é um inibidor da biossíntese de giberelina e o objetivo desse estudo foi avaliar o efeito do 
ProCa na epidemiologia do míldio da videira (MV) e da podridão de Botrytis (PB) e no desempenho vitícola da cultivar de videira Merlot. 
Experimentos foram realizados em um vinhedo comercial no município de São Joaquim/SC, Sul do Brasil, durante as safras 2017-2018 e 
2018-2019. A ProCa foi aplicada em quatro doses e três estágios fenológicos: A) 0 g ha-1 (controle); B) 1000 g ha-1 (inflorescência totalmente 
desenvolvida); C) 500 + 500 g ha-1 (inflorescência totalmente desenvolvida e floração completa); D) 500 + 500 + 500 g ha-1 (inflorescência 
totalmente desenvolvida, floração completa e baga tipo ervilha). A incidência e severidade de MV e PB foram quantificadas semanalmente 
a partir do aparecimento dos primeiros sintomas até a colheita e a epidemiologia das doenças foram comparadas de acordo com: a) o 
início do aparecimento dos sintomas; b) tempo para atingir a máxima incidência e severidade da doença; c) valor máximo da incidência e 
severidade da doença; d) área abaixo da curva de progresso da doença. Em geral, houve diferenças significativas na dose de ProCa para 
todos os parâmetros epidemiológicos de MV e PB em comparação com o controle; no entanto, não houve diferença significativa entre as doses 
de ProCa.  As principais variáveis ​​epidemiológicas que diferenciaram o efeito da ProCa no controle do MV e PB foram o S

max
 e o AUSDPC. 

Algumas variáveis vitícolas da cultivar Merlot foram afetados negativamente por diferentes doses de ProCa, mas ainda foi uma boa opção o 
uso da ProCa para o controle do MV e PB em região de altitude do sul do Brasil durante as safras 2017-2018 e 2018-2019.
Palavras-chave: Vitis vinifera, Plasmopara viticola, Botrytis cinerea, Área abaixo da curva de progresso da doença, Qualidade de uva.
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such as low bud fertility, low canopy aeration and 
light interception, development and fertilization 
damage of inflorescences, and reduced control 
efficiency of some grape diseases (KELLER et al., 
2003; ZALAMENA et al., 2013). Additionally, the 
vegetative/productive imbalance negatively affects 
the composition, ripening, and phenolic compound 
content of the grape (DA SILVA et al., 2010).

Several chemicals have been developed 
to regulate growth plant to reduce the vegetative/
productive imbalance, including Prohexadione-Calcium 
(ProCa) (PETRACEK et al., 2003). ProCa is a plant 
growth regulator that acts as a structural mimic 
of 2-oxoglutaric acid and inhibits late steps of 
gibberellin biosynthesis, resulting in reduced shoot 
growth (McGRATH et al., 2009). A current problem 
has been observed in the São Joaquim region, Santa 
Catarina State, Southern Brazil, is the association of 
the vigorous rootstocks Paulsen 1103 with a soil 
condition with organic matter of more than 8.1%, 
causing a negative effect of excess vigor of plants 
and low productivity due to the high concentration of 
gibberellin at plant growth points. 

Additionally, many reports have indicated 
that ProCa can reduce the intensity of many diseases, 
such as fire blight in pears, scab in apples, and gray 
molds in grapes (BAZZI et al., 2003; McGRATH et 
al., 2009; WALLIS & COX, 2020). McGrath et al. 
(2009), suggested that ProCa triggers the production 
of flavanoids, not normally reported in rosaceous 
species, that provide antimicrobial activity against E. 
amylovora, and this activity is the primary mechanism 
of fire blight control by ProCa.

The phenological and technological 
components of wine have economic importance, 
and the interaction and variation between them 
can be evaluated from management techniques 
applied to the vineyard, fruit ripening, and cultivar 
features (KENNEDY et al., 2000). Some relevant 
studies of ProCa on grapevines were performed by 
SCHILDBERGER et al. (2011). These authors 
studied the impact of the application of ProCa in 
the vigorous Vitis vinifera grapevines, especially 
in cv. Cabernet Franc, Cabernet–Sauvignon, 
Chardonnay, and Seyval. Based on these studies, the 
utilization of growth regulators, such as ProCa, 
showed to be an alternative to manage grape-
growing by reducing and increasing gibberellin 
A

1
 (GA

1
) and A

20
 (GA

20
) levels, respectively.  

ProCa has been assessed in many crops, such as 
grapes (LO GIUDICE et al., 2004), and stone 
fruits (RADEMACHER, 2018) and influenced the 
management conditions and production. 

However, there was no report of the effect 
of ProCa on Merlot grapes in South Brazil. Therefore, 
this study evaluated the effect of ProCa on the 
epidemiology of downy mildew (DM) and Botrytis 
bunch rot (BBR), and the yield and technological 
and phenolic parameters in grape Merlot cultivar in 
Southern Brazil during the 2017–2018 and 2018–
2019 growing seasons.

MATERIALS   AND   METHODS

Field trials
Experiments were carried out in a 

commercial vineyard (V. vinifera L.) located in 
the municipality of São Joaquim (28°17′39′′ S and 
49°55′56′′ W), State of Santa Catarina, Southern Brazil, 
and conducted during the 2017–2018 and 2018–2019 
growing seasons. The vineyard was located at an 
altitude of 1,430  m above sea level. The regional 
climate is humid mesothermic (Cfb) according to 
the Köppen classification (PEEL et al., 2007), and 
the soil type is cambisol, with high clay (417 g kg−1) 
and organic matter (81 g kg−1) content. In this region, 
high precipitation occurs from October to March during 
which, rainfall averages approximately 130  mm per 
month. Daily rainfall, relative humidity, and hourly 
temperatures were recorded at the Santa Catarina 
Hydrology and Environmental Resources Center–Epagri 
(Figure 1). The climate data were recorded from September 
to February, which corresponded to the interval of 
phenological stages from sprouting – BBCH 01 
(September) to harvest – BBCH 89 (February).

The vineyard was composed of 
approximately 2,200 vines (22 rows of approximately 
100 vines) of 15-year-old “Merlot” cultivars grafted 
onto “Paulsen 1103” rootstock. The vineyard was 
conducted in vertical shoot positioning, trained at 
distances of 3.0 m × 1.5 m, arranged along a single 
east/west-oriented row, and pruned to a double spur 
cordon at a height of 1.0  m. Irrigation was usually 
unnecessary because of the adequate rainfall since 
the annual rainfall in this region was between 1,520–
1,620  mm and regularly distributed throughout the 
year. The Merlot cultivar is susceptible to DM and 
BBR, and disease outbreaks have occurred every 
year in the study region without exception because 
climatic conditions that promoted these pathogens 
were present most of the time. Therefore, there was 
no need to inoculate crops with the pathogens before 
the proposed study was performed. 

Vineyard practices as pruning, leaf 
removal, and disease control were done according 
to the recommendations for commercial growers 
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in this region. However, shoot topping was not 
conducted to protect the vineyard against powdery 
mildew (Erysiphe necator Schw.) and anthracnose 
(Elsinoe ampelina Shear). Fenarimol (500 mL of 
active ingredient (a.i) L−1) and folpet (67 g of a.i L−1), 
applications, respectively, were performed during the 
2017 and 2018 growing seasons. However, low rates 
of captan (125 g of a.i L−1) and Metalaxyl+mancozeb 
(24+192 g+mL of a.i  L−1) were applied in rotation 
by spray from September (beginning of bud burst 
- BBCH 07) to February  (harvest – BBCH 89) to 
maintain low levels of DM and BBR, yet still allow 
sufficient disease to evaluate the effect of ProCa. 

ProCa was applied as Viviful® (275 g L−1 
of ProCa) ajusted to a volume of 1.000 L ha-1 at four 
doses (g ha−1) in the three different phenological, 
according to BBCH scale (LORENZ at al., 1995): 
A) 0 g ha−1 (control); B) 1,000 g ha−1 (inflorescence 
fully developed – BBCH 57); C) 500 + 500  g ha−1 

(inflorescence fully developed – BBCH 57 and full 
flowering – BBCH 65); D) 500 + 500 + 500 g ha−1 
(inflorescence fully developed – BBCH 57, full 
flowering – BBCH 65, and berries pea-sized – BBCH 
75). ProCa was applied to both sides of the canopy, 
wetting the entire vine, and sprayed with a DreamStime® 
atomizer (Canada). The  spray  gun  used  a cone 
nozzle 1,5 mm in diameter allowing a liquid flow rate 
of 0,85 ± 0,02 L mim-1. ProCa was sprayed early in 
the morning, without adjuvant, when there was no 

rain predicted for at least 24 hours. The first, second 
and thirt ProCa spray was carried out on the 5th of  
October (inflorescences fully developed – BBCH 57), 
24th of October (full flowering – BBCH 65), and 07th 
of December (berries pea-sized – BBCH 75) at  2017 
and 2018, respectively, at the 2017/2018 growing 
season, and at 10th of October (inflorescences fully 
developed – BBCH 57), at 26th of October (full 
flowering – BBCH 65), and 08th of December (berries 
pea-sized – BBCH 75), respectively, at the 2018/2019 
growing season. 
	
DM and BBR intensity

The incidence and severity of DM and 
BBR were assessed weekly from the beginning of 
symptom appearance (BSA) at the end of flowering/
beginning of ripening (November) and end of ripening 
(February), respectively until harvest (April) during 
the 2017–2018 and 2018–2019 growing seasons. The 
incidence and severity of DM were assessed using 
approximately 25 young leaves per shoot, depending 
on the available leaves, on four medium-height shoots 
of each vine in the middle of the plot. These leaves 
originated from the medial parts of the vine shoots. 
Shoots with diseased leaves were marked with a 
plastic tag proximal to the shoot tip to ensure that 
the same shoot and leaves were surveyed throughout 
the season. The DM incidence was defined as the 
number of leaves with DM symptoms divided by the 
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Figure 1 - Average monthly accumulated rainfall (mm), relative humidity (RH%), and 
average temperature (°C) at the São Joaquim municipality, State of Santa 
Catarina Southern Brazil, across both the 2017–2018 and 2018–2019 growing 
seasons.
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total number of leaves evaluated. DM severity was 
assessed using a visual diagrammatic scale described 
by BUFFARA et al. (2014) based on seven levels 
of disease severity: 1%, 3%, 6%, 12%, 25%, 50%, 
and 75%. BBR incidence was evaluated by counting 
disease clusters per five replicates per treatment, and 
severity was determined by rotted berries per cluster, 
according to Hill et al. (2010), based on 12 levels 
of disease severity: 1%, 5%, 10%, 15%, 20%, 30%, 
40%, 50%, 60%, 70%, 80%, and 90%. For each plot, 
30 random clusters were evaluated per treatment.

 The DM and BBR disease progress 
curves were constructed, and their epidemiology 
was compared using four epidemiological measures: 
BSA, time to reach maximum disease incidence/
severity (TRMDI and TRMDS), maximum disease 
incidence/severity (I

max
 and S

max
), and areas under 

the severity disease progress curves (AUSDPC). 
The incidence percentage data were transformed 
to arcsine multiplied by the square root of the 
percentage to normalize the data (JEAGER, 2008). 
The AUSDPC) was calculated as Σ[(Y

i +
 Y

i +
 1)/2)(t

i + 

1 
–
 t

i
], where Y is the disease intensity (severity), t is 

time, and i is the cumulative number of evaluations. 
These areas represented the trapezoidal integration 
value of severity (CAMPBELL & MADDEN, 1990).

Yield parameters
Two vines of each treatment per plot 

were selected at the harvest, and the branches and 
bunches were assessed by the following vegetative 
and productive parameters: a) vigor, by selecting 
four branches with similar vigor, approximately 
the same length by measuring with a tape measure, 
and with at least one bunch from a middle portion 
of vine per each treatment, reaching a total of 16 
branches per treatment. Branches measure started 
with ProCa application and repeated biweekly until 
harvest and considering the final branches leght; b) 
production (Kg) per plant; c) productivity (kg ha−1) 
by the multiplication of plant production per vine 
density (2,200 plants ha−1); and d) Ravaz index, 
which was estimated using the relationship between 
the production and the pruning weight. The pruning 
weight was assessed in the winter during the dormant 
period. In five randomized bunches per plot, reaching 
a total of 20 bunches, the following parameters were 
assessed: e) berry diameter (cm) by a transversal 
diameter measure of 50 berries per plot, using a 
digital caliper; f) bunch length (cm); g) bunch mass 
(g); and h) bunch compactness index, where BCI = 
[(bunch mass)/(bunch lenght) 2], according to TELLO 
& IBANEZ (2014).

Technological and phenolic parameters
The monitoring of grape ripening began at 

veraison, when approximately 50% of the berries had 
change color. Each sample consisted of a total of 10 
clusters and 150 berries randomly collected per plot/
treatment from different portions (basal, median and 
apical) of bunches and vine on both sides of the rows, 
according to RIZZON & MIELE (2002). All berries 
were manually crushed one by one to obtain grape 
must and skin separately. The total soluble solid 
(TSS) content (°Brix) of grape was determined using 
a digital temperature compensated refractometer 
(model Pal-1; Atago, Saitama, Japan); titratable 
acidity (mg of tartaric acid 100 g−1 grape skin) (OIV, 
2008) and pH were measured with a potentiometer 
(Impac, São Paulo, Brazil). Total polyphenols (TP; 
mg gallic acid 100 g−1 grape skin) (SINGLETON & 
ROSSI, 1965) and total monomeric anthocyanins (mg 
malvidin 3-glucoside 100 g−1 grape skin) (GIUSTI & 
WROLSTAD, 2001) were determined using extracts 
from grape skin macerated for 24 hours at 30±0.5 °C 
and then washed with methanol: HCl (99:1).

A second extraction using the remains of 
the skin was performed using the same methodology 
and both extracts were homogenized and filtered 
through Whatman 01 filter paper. Both must extract 
were homogenaized and the final must was assessed 
by: a) the total soluble solid (TSS) content (Brix) 
by a digital temperature-compensated refractometer 
(model Pal-1; Atago, Saitama, Japan); b) the titratable 
acidity (TA; mg of tartaric acid per 100 g−1 grape 
skin) (OIV, 2008); c) the pH, using a potentiometer 
(Impac, São Paulo, Brazil); d) the total polyphenol 
(mg gallic acid 100 g−1 grape skin) concentration, 
using a spectrophotometric method described by 
SINGLETON & ROSSI (1965), using the Folin–
Ciocalteu reagent with an absorbance of 760 nm, 
and the phenolic content was determined using a 
gallic acid calibration curve; e) Total monomeric 
anthocyanins (mg of malvidin 3-glucoside per 100 g−1 
grape skin) using a spectrophotometric method 
described by Ribéreau-GAYON et al. (1998). The 
color was determined by a spectrophotometric method 
described by LEVENGOOD & BOULTON (2004). 
The extract was diluted 1:10 with distilled water and 
analyzed in a spectrophotometer at wavelengths of 
420, 520, and 620 nm. The color was measured by 
the intensity parameter using the following formulas: 
intensity = 420 + 520 + 620 nm.

A completely randomized experimental 
block was used, which consisted of 10 vines along the 
rows. These conditions were replicated four times for 
each treatment, and each treatment was separated by 
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buffer rows. Three vines at the end of each plot were 
necessarily excluded, as were vines at the end of each 
row and all vines in border rows. 

Homogeneity of variance was performed 
for each year and the two-growing season (2017-
2018 and 2018-2019) averages and variances were 
statistically compared, using F test and Bartlett test, 
respectively. The analysis of averages and variances 
generated a p>0.05, indicating a non-significant 
difference and both growing season data were 
analysed through averages of variables.

Significance tests were performed 
using analysis of variance, and Dunnett’s test was 
performed in collaboration with Duncan’s test (p = 
0.05). SAS software, version 9.1 (Cary, NC) was used 
for data analysis.

RESULTS

Weather conditions were very similar in 
each season (2017–2018; 14.8 °C, 80.3%, and 68.6 mm) 
and (2018–2019; 15.6 °C, 81.0% and 76.5 mm) from 
September (sprouting) to February (harvest). The 
average temperature in September (sprouting) was 
around 11-12 °C and reaching around 15-16 °C, 18-19 
°C and 19-20 °C in the course of spring, summer and 
end of February (harvest), respectively (Figure 1). 
These temperatures are considered lower than other 
Southern Brazil grape production areas, specially 
regarding to spring and summer.  

In general, there were significant 
differences in the ProCa effect for all epidemiological 
parameters of DM and BBR compared with the 
control plot; however, there was no significant 
difference among ProCa doses. All ProCa doses 
applied at different phenological stages showed 
lower BSA, TRMDI and TRMDS, I

max 
and S

max
, and 

AUDPC (Table 1), when compared with the control 
plot, indicating the positive effect of ProCa on the 
DM and BBR control.

The first symptoms of DM appeared by 
the beginning of November 2017 and the middle 
of November 2018, which corresponded to the 
phenological stage of full bloom in 2017 and fruit 
set in 2018. There was a significant difference in the 
BSA among ProCa doses when compared with the 
control plot, with the dose of 1000 g ha−1 applied at 
inflorescence fully developed – BBCH 57, showing 
the lowest BSA for DM and BBR. The BSA started 
42 and 33 days later for DM and BBR for the dose of 
1000 g ha−1 applied at inflorescence fully developed 
– BBCH 57 and the dose of 500 + 500 + 500 g ha−1 
applied at inflorescence fully developed – BBCH 

57; respectively, as compared with the control plot 
(Table1). There was no significant difference among 
doses for TRMDI and TRMDS; however, the dose 
of 500 + 500 + 500  g ha−1 applied at inflorescence 
fully developed – BBCH 57 was the only significant 
different for DM (Table 1). The I

max
 and S

max
 did not 

show any significant difference among doses. The 
dose of 1000  g ha−1 applied at inflorescence fully 
developed – BBCH 57 showing the lowest S

max
 and 

AUDPC, and indicated the positive effect of ProCa 
on the DM and BBR epidemiology (Table 1).

The severity and AUSDPC of DM 
and BBR were both low for all ProCa doses and 
were lowest for the dose of 1000  g ha−1 applied at 
inflorescence fully developed – BBCH 57, compared 
with the control plot, during both the 2017–2018 
and 2018–2019 growing seasons (Table 1). 
Epidemiological variables were estimated for each 
dose according to year, and the estimates showed that 
the principal variables that differentiated the effect of 
ProCa was the S

max
 and AUSDPC. The BSA, TRMDI, 

TRMDS, and AUSDPC showed that the DM and 
BBR development was low in all the ProCa doses, 
with the lowest value in the B dose, as compared with 
that in the control plot (Table 1). Thus, the B dose 
was the most efficient in preventing or suppressing 
disease development, according to the AUSDPC in 
this experiment (Table 1).

There was no significant difference among 
the ProCa doses on Merlot grape vigor assessed 
by final branch length in both the 2017–2018 and 
2018–2019 growing seasons (Table 2). Most of the 
yield and technological and phenolic parameters 
were affected by different doses of ProCa, except for 
bunch lenght, bunch compactness index, titratable 
acidity, total soluble solid, and pH, respectively 
(Tables 2, 3). There was a significant difference in 
the yield parameters of bunch mass, bunch lenght, 
bunch diameter, production, productivity, and ravaz 
index (Table 2), and the technological and phenolic 
parameters of color intensity, total polyphenols, 
and anthocyanin content (Table 3). The yield 
parameters of vigor and bunch compactness index 
and the technological and phenolic parameters of 
total soluble solid, titratable acidity, and pH were not 
affected by any of the ProCa doses (Table 3). There 
was no significant difference in the brunch lenght and 
bunch compactness index in both the 2017–2018 and 
2018–2019 growing seasons (Table 2).

The production and productivity were 
more affected by different ProCa doses than the 
control plot in both the 2017–2018 and 2018–2019 
growing seasons. The dose of 1000  g ha−1 applied 
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at inflorescence fully developed – BBCH 57 was 
significantly different among doses, with the highest 
reduction of production and productivity (1,203  g 
plant−1 and 2,673  kg ha−1, respectively) compared 
with the control plot (1,712  g plant−1 and 3,804  kg 
ha−1, respectively).

DISCUSSION

A combination of frequent rain and 
sustained humidity during spring and summer 
provided environment conditions that enabled 
Plasmopara viticola (PV) and Botrytis cinerea (BC) 
infections. KENNELLY et al. (2005) and HED et al. 
(2009), showed that for P. viticola and B. cinerea, 
the optimal growth temperature is around 20 - 25°C 
and 15 - 23 °C, respectively. Despite of relative 
low temperatures during most spring and summer, 
the infection process occured for both P. viticola 
and B. cinerea. Usually, the incubation period is 
shortest at the optimal groth temperatures and when 
the temperatures are lower, the symptoms will take 

longer to develop but the epidemy will develop as 
the temperature increase. The latent period (time 
from infection to spore production) is expected to 
take several hours for B. cinerea (HED et al., 2009) 
and 5–18 days for P. viticola (KENNELLY et al., 
2005). Thus, it is estimated that P. viticola infection 
may have occurred as early as mid- to late-October, 
whereas B. cinerea infection did not likely occur until 
December. B. cinerea infection early in the season 
may remain dormant (latent infections) while berries 
are green, but under favorable conditions, may 
cause BBR as the grapes approach veraison. In this 
situation, the diseases can spread rapidly inside the 
canopy and from berry to berry within clusters and 
among clusters (HOLZ et al., 2003; KELLER et al., 
2003). The harvest season occurred in later February 
and beginning of March at the 2018 and 2019 growing 
seasson, respectively; which means that the disease 
evaluations for 2018 were carried out aproximately 
30 days earlier than for 2019.

The sanitary conditions of Merlot 
vines and grapes treated either by the fungicides 
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Table 1 - The effect of different doses of Prohexadione-Calcium (ProCa) on the characteristics of downy mildew (DM) and Botrytis 
bunch rot (BBR) diseases: beginning of symptom appearance (BSA), time to reach the maximum disease incidence (TRMDI) 
and severity (TRMDS), maximum value of disease incidence (Imax) and severity (Smax), and area under the severity disease 
progress curve (AUSDPC) of the Merlot grape during the 2017–2018 and 2018–2019 growing seasons at São Joaquim 
municipality, State of Santa Catarina, Southern Brazil. 

 

Variables Diseases A B C D CV(%)c 

 
BSA (days)  

DM 12.5 c* 42.0 a 31.5 b 28.0 b 8.7 
BBR 18 c 24 b 30 a 33 a 6.5 

 
TRMDI (days) 

DM 76.5 b 94.5 a 87.5 a 86.0 a 6.7 

BBR 23 b 35 a 38 a 36 a 14.2 

 
TRMDS (days) 

DM 82.0 b 98.0 a 94.5 a 98.0 a 6.7 
BBR 33 b 48 a 46 a 46 a 14.2 

 
Imax. (%) 

DM 85.2 a 74.2 b 72.5 b 67.1 b 9.6 
BBR 55.0 a 45.0 a 45.0 a 45.0 a 23.8 

 
Smax. (%)a 

DM 28.2 a 8.8 c 12.2 b 11.7 b 12.9 

BBR 4.4 a 0.7 c 1.3 b 1.1 b 27.1 

 
AUSDPCb 

DM 678.2 a 216.1 c 312.1 b 305.2 b 16.3 
BBR 73.2 a 10.35 c 17.65 b 23.2 b 19.1 

 

 

A) 0 g ha−1 (control); B) 1000 g ha−1 (inflorescences fully developed – BBCH 57); C) 500 + 500 g ha−1 (inflorescences fully developed – 
BBCH 57 and full flowering – BBCH 65); D) 500 + 500 + 500 g ha−1 (inflorescences fully developed – BBCH 57, full flowering – 
BBCH 65, and barries pea-sized – BBCH 75). 
apercentage of leaf (DM) and berry (BBR) area infected using a diagrammatic scale by Buffera et al., (2014) and Hill et al., (2010), 
respectively. 
bArea calculated by the trapezoidal integration value according to Campbell and Madden (1990). 
*means followed by the same lower-case letter in the same row are not significantly different (t-test, p˂0.05). 
ccoefficient of variance. 
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and improved by the different doses of ProCa at 
different phenological stages were improved based 
on the reduction of DM and BBR intensities. The 
low inoculum source combined with the fungicides 
treatment, right ProCa dose, and early phenological 
stage, diminished the intensity of DM, as well as the 
smaller size of berries and less compact clusters could 
affect the reduction of BBR infection, caused by P. 
viticola and B. cinerea, respectively. 

Favorable climatic and biological 
conditions for disease development and pathogen 
infection are very important and fundamental for 
disease control strategies. Results of this study 
showed that the ProCa dose of 1000 g ha−1 applied at 
inflorescences fully developed – BBCH 57 reduced 
DM and BBR intensities in Merlot grapes in the 
edaphoclimatic conditions of the Santa Catarina State 
highlands, Southern Brazil, during the 2017–2018 
and 2018–2019 growing seasons. The ProCa dose of 
1000 g ha−1 applied at inflorescences fully developed 
– BBCH 57 was the best system when AUSDPC was 
taken into account as a differentiated epidemiological 
variable. During both growing seasons, disease 
incidence and severity were lower for all doses 
compared with the control plot. The use of the ProCa 
dose of 1000  g ha−1 applied at inflorescences fully 
developed – BBCH 57, may enable a reduction in the 
number of fungicide applications, compared with that 
needed in the control plot without the application of 
ProCa. However, for further reduction of the severity 
of both DM and BBR produced by such polycyclic 
pathogens, the development of P. viticola and B. 

cinerea must be decreased by chemical control. The 
ProCa dose of 1000 g ha−1 applied at inflorescences 
fully developed – BBCH 57 allowed a reduction of 
both pathogens’ inoculum in all parts of the canopy 
zone. The application of the B dose of ProCa at the vines 
of Merlot cultivars also showed grape production 
with better color intensity, TP levels, and anthocyanin 
content, despite the significant reduction in most yield 
parameters when compared with the control plot.

ProCa produced a reduction in several 
yield and technological and phenolic parameters, 
resulting in reduced production and productivity, 
as compared with the control plot; however, there 
were no significant differences among doses. The 
ProCa application in only one dose (1000  g ha−1 
applied at inflorescences fully developed – BBCH 
57) and the early phenological stage of separated 
inflorescences was the most efficient in reducing both 
DM and BBR intensities, and this may be associated 
with the concentration dose and phenological stage 
of the leaves and lower bunch mass and bunch 
diameter, respectively. This effect was the result 
of a reduction in the fruit set, according to LO 
GIUDICE et al. (2004). The author described that 
ProCa can potentially reduce the fruit set, particularly 
at the pre-blooming stage, and particularly, in this 
study, where the dose of 1000  g ha−1 was applied 
at inflorescences fully developed – BBCH 57). The 
ProCa application at the pre-blooming stage caused 
browning and abscission of flowers by inhibiting 
the conversion of 1-aminocyclopropanecarboxylic 
acid into ethylene, and its application reduced 

 

Table 2 - The effect of different doses of Prohexadione-Calcium (ProCa) on the yield parameters of the Merlot grape during the 2017–
2018 and 2018–2019 growing seasons at São Joaquim municipality, State of Santa Catarina, Southern Brazil. 

Variable A B C D CV%a 

Branch length (cm) 
Bunch mass (g) 

203.4 a* 
117.4 a 

205.3 a 
91.2 b 

212.2 a 
101.2 b 

201.8 a 
83.1 b 

6.08 
11.00 

Bunch length (cm) 17.0 a 13.68 b 14.25 b 13.93 b 8.83 
Berry diameter (cm) 13.61 a 11.58 b 10.87 b 10.34 b 2.84 
Bunch compactness index 3.55 a 3.35 a 3.49 a 3.01 a 3.12 

Production (g plant−1) 1,712 a 1,203 c 1,503 b 1,466 b 13.23 
Productivity (kg ha−1) 3,804 a 2,673 c 3,361 b 3,036 b 13.23 
Ravaz index 3.39 a 2.06 b 2.44 b 2.04 b 26.58 

 
A) 0 g ha−1 (control); B) 1000 g ha−1 (inflorescences fully developed – BBCH 57); C) 500 + 500 g ha−1 (inflorescences fully developed – 
BBCH 57 and full flowering – BBCH 65); D) 500 + 500 + 500 g ha−1 (inflorescences fully developed – BBCH 57, full flowering – 
BBCH 65, and barries pea-sized – BBCH 75). 
*means followed by the same lower-case letter in the same row are not significantly different (t-test, p˂0.05). 
acoefficient of variance. 
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ethylene-induced senescence in several plant 
systems (RADEMACHER, 2018). Despite some 
of the negative effects of ProCa on the yield and 
technological and phenolic parameters, it can serve as 
an alternative option in some grape production areas, 
especially in the highland regions of Southern Brazil, 
where DM and BBR infestation can be the main 
problem every year based on its recurring favorable 
environmental conditions for pathogenic growth.

ProCa application on Merlot grapes did 
not show any effect on plant vigor reduction based 
on the final branches lenght that did not show 
significant difference. Lo Giudice et al. (2004) 
showed similar effects to Cabernet franc, Cabernet 
Sauvignon, Chardonnay, and Seyval, having minimal 
effects on branch lenght or crop yield after ProCa 
treatment, compared with that of the control plot. 
Some cultivation characteristics are determinate 
to explain the ProCa effect on plant vigor, whereas 
plants with excessive vigor used to be unresponsive 
to ProCa application. The differences between treated 
and control plots were observed either in some yield 
or technological and phenolic parameters in both 
growing seasons. The reason why ProCa has different 
effects over these parameters is still not clear, and the 
vines could have not been sensitive to the product due 
to the climatological and environmental conditions, 
as well as the phenological stage.

THOMIDIS et al. (2018) showed that 
ProCa sprayed on grapes at the phenological stage of 
pre- and post-blooming can significantly reduce BBR 
intensity. According to BAZZI et al. (2003), frequent 
application of ProCa can induce pathogen resistance 

by biosynthesis of 3-deoxyflavonoids that act 
with similar features of phytoalexins, which is 
responsible for the plants’ defense mechanism 
against pathogens and infections. Furthermore, this 
study showed several significant effects of ProCa 
on bunch mass, bunch lenght, and bunch diameter, 
affecting the bunch architecture and preventing the 
berries to B. cinerea infection (MOLITOR et al., 2011; 
SCHILDBERGER et al., 2011). PUHL et al. (2008) 
and MCGRATH et al. (2009) and COSTA et al., 
(2001), showed that aerial spraying of ProCa can reduce 
E. amylovora infection in apples and pears, respectively; 
although, ProCa did not exhibit any direct microbial 
activity. Some associations could be related to 
the present study of the significant effects of 
ProCa on DM intensity, suggesting that secondary 
ProCa metabolites, such as phenyl compounds, can 
be involved in developing plant resistance, microbial 
compounds, or mechanical barriers. 

All ProCa doses affected the bunch 
architecture (bunch mass, bunch lenght, and bunch 
diameter) and the Ravaz Index. Several reports 
indicated that inhibitory substances from gibberellin 
biosynthesis can be used for achieving branch growth 
reduction and some changes in bunch architecture 
(MILLER, 2002; RADEMACHER, 2018). Active 
gibberellins, such as GA

1 
and its immediate 

biologically active precursor, GA
20

, play an important 
role in the elongation of Pomaceous branches. ProCa 
regulates the final stages of gibberellin biosynthesis 
(KIM et al., 2007) by stimulating the conversion of 
GA

20 
to GA

1 
in order to reduce biologically active 

levels of gibberellins (RADEMACHER, 2018). 

Table 3 - The effect of different doses of Prohexadione-Calcium (ProCa) on the technological and phenolic parameters of the Merlot 
grape during the 2017–2018 and 2018–2019 growing seasons at São Joaquim municipality, State of Santa Catarina, Southern 
Brazil. 

Variables A B C D CV (%)a 

Titratable acidity (meq L−1) 132.1 a* 132.2 a 132.4 a 131.3 a 0.93 

Total soluble solid 18.6 a 18.9 a 18.9 a 18.8 a 1.07 
pH 2.8 a 3.0 a 2.9 a 2.9 a 0.89 
Color intensity 6.8 b 8.7 a 9.2 a 10.6 a 4.58 

Total polyphenols (mg L−1) 2,013.8 c 2,776.3 b 3,034.6 a 3,080.5 a 9.81 
Anthocyanin (mg L−1) 1,054.0 c 1,295.0 a 1,242.7 a 1,379.6 a 2.10 
 

A) 0 g ha−1 (control); B) 1000 g ha−1 (inflorescences fully developed – BBCH 57); C) 500 + 500 g ha−1 (inflorescences fully developed – 
BBCH 57 and full flowering – BBCH 65); D) 500 + 500 + 500 g ha−1 (inflorescences fully developed – BBCH 57, full flowering – 
BBCH 65, and barries pea-sized – BBCH 75). 
*means followed by the same lower-case letter in the same row are not significantly different (t-test, p˂0.05). 
acoefficient of variance. 
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One reason why there was no significant difference 
observed among different ProCa doses on yield 
parameters, such as bunch lenght, bunch diameter, 
bunch mass, and bunch diameter, could be that 
ProCa can increase growth by converting inactive 
GA into its active precursor after the first spray 
(HAWERROTH et al., 2012). Other relevant GA 
actions that explain the reduction of production and 
productivity was reported by Miller (2002), whose 
studies showed that apportioned doses of ProCa 
can control GAs and negatively affect some yield 
parameters, such as the production and productivity 
of different grape cultivars.

The reduction of Merlot cultivar 
productivity may be directly related to diameter and 
weight of the berries. The reduction in the diameter 
and weight of berries could due to the reduction of 
the GA action induced by the application of ProCa, 
leading to small size of the cells inside the berries, 
resulting in thickened cell walls, creating a physical 
barrier capable of stopping DM and BBR infection.

The Ravaz Index reduction was directly 
related to reduced production; however, it was 
observed based on the low Ravaz Index values that 
the vines were in vegeto-productive imbalance 
because the ideal index must be between 5 and 
10. BORGHEZAN et al. (2011) showed that a low 
RI value is a regular characteristic present in grape 
cultivars, such as Cabernet–Sauvignon, Merlot, 
and Sauvignon Blanc in the highland regions of 
Southern Brazil. This low Ravez Index can promote a 
vicious cycle, causing high vegetative growth and low 
yields, often caused by a low degree of sunlight. The 
low degree of sunlight is a factor of great importance 
for floral differentiation and fruit maturation 
since sunlight provides energy (temperature) to 
developing bud cells (BOTELHO et al., 2006).

The right balance between productivity and 
fruit quality is a particularly challenging aspiration 
in viticulture (MARTINS et al., 2018). Currently, 
the right parameters used for the harvest decision 
are the sanity and chemical quality of the grape. In 
this study, the chemical quality of the Merlot grape 
was not greatly influenced by ProCa application. 
Similar results were obtained by RUFATO et al. 
(2014), showing that ProCa application did not affect 
the chemical quality of Cabernet–Sauvignon and 
Alvarinho, respectively. 

The technological and phenolic 
parameters color intensity, total polyphenols, 
and the anthocyanin level, were affected by the 
different ProCa doses and corroborated with data 
obtained by RAMIREZ et al. (2017), who reported 

an increase of 42% in TP and 68% in the anthocyanin 
content of Shiraz grape in Mexico in experiments 
carried out with the same conditions as the present 
study. These results are beneficial to grape and 
wine quality because the color in red wine is a very 
important attribute, as well as the hue and intensity, 
which are probable indicators of the quality or defect 
of a wine. Technically, color is the first sensory 
attribute evaluated in wine tasting (WIRTH et al., 
2012). These specific technological and phenolic 
parameters (color intensity, total polyphenols and 
antocyanin) were increased with ProCa application 
and could be involved in some barries resistance to 
BBR. However, LO GIUDICE et al. (2004), showed 
that the increase of these parameters can be explained 
by an increase in surface to volume ratio of berries, 
resulting in an increase of these parameters on a per 
berry basis. 

The results clearly demonstrated that 
ProCa was efficient for controlling DM and BBR 
and increase some yield and technological and 
phenolic parameters of Merlot grape in highland 
region of Southern Brazil. The data presented 
showed that the result of the application of ProCa 
depends on different environmental parameters, 
among which the exact timing of application, the 
rainfall and the pathogen’s infestation pressure. 
The fact that ProCa could allow a more efficient 
use for DM and BBR control would be of good 
interest for Integrated Crop Management, helping 
or replaycing fungicides in wide use and preventing 
resistance formation.
	 	
CONCLUSION

All ProCa doses applied at different 
phenological stages showed lower BSA, TRMDI, 
TRMDS, I

max
, S

max
, and AUDPC of DM and BBR 

when compared with control plot in both the 2017–
2018 and 2018–2019 growing seasons.

ProCa application did not reduce the Merlot 
grape vigor despite the dose and phenological stage; 
however, increased the technological and phenolic 
parameters of color intensity, total polyphernols and 
the anthocyanin content, in both the 2017–2018 and 
2018–2019 growing seasons.
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Disease Note

Diseases Caused by Fungi and Fungus-Like Organisms

First Report of Podosphaera macularis Causing Hop (Humulus
lupulus) Powdery Mildew in Brazil
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Mayra Juline Gonçalves,† Leo Rufato, Ricardo Trezzi Casa, Amauri
Bogo, and Fabio Nascimento da Silva
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Plant Dis. 105:2243, 2021; published online as https://doi.org/10.1094/PDIS-
01-21-0094-PDN. Accepted for publication 17 March 2021.

The hop (Humulus lupulus L.) is a dioecious perennial climbing plant
grown commercially worldwide. Wild hops are widely distributed throughout
the Northern Hemisphere, Europe, Asia, and North America (Neve 1991). In
the Southern Hemisphere, some of the leading hop-producing countries
include South Africa, Australia, and New Zealand. Brazil began hop produc-
tion less than 5 years ago. In January 2019, amphigenous white powdery
circular fungal colonies were observed on the leaves and stems of hop plants
(cultivar ‘Chinook’) within a 900-m2 hop garden in Lages municipality, Santa
Catarina State, southern Brazil. The disease was present on almost 100% of
Chinook cultivar plants, and diseased foliage was collected to identify the
pathogen and used to inoculate healthy plants. Hop powdery mildew
lesions with hyaline and septate mycelium with chains of unicellular conidia
(n = 100), hyaline, barrel-shaped, mean of length/width 6 standard deviation
25 to 27 × 13 to 18 µm 6 0.980, with fibrosin bodies, and conidiophores
erect with cylindrical foot cells, were visible within 10 days. The causal agent
was identified as Podosphaera macularis (Wallr.:Fr.) Lind (synonym
S. humuli [DC.] Burrill) on the basis of conidial shape, size, and host range
(Braun 1987; Mahaffee et al. 2009; Royle 1978), complemented with the pre-
sent molecular analysis. Chasmothecia have not been observed in the field to
date. A conidial suspension of 200 ml at concentration of 1.4 × 105 was
mixed with 5 µl of Tween 20 for the pathogenicity assay. Ten plants of

9-month-old hop (cv. Chinook) were inoculated with 5 ml of the conidial sus-
pension using a manual spray. The control plot was only sprayed with water.
The inoculated plants were maintained at 22 6 1�C with a 12-h photoperiod
and 65% relative humidity. White mycelia were visible first on the adaxial
leaf surfaces of the inoculated younger leaves after 10 days, and the disease
severity reached between 2 and 5%. No symptoms were observed at the con-
trol plot. P. macularis infected most aerial plant tissues of the inoculated
plants and caused losses of approximately 50% of cones. P. macularis
conidia were collected from the infected leaf tissue with a sterile soft camel-
hair brush, and DNA was extracted using a Wizard Genomic DNA extraction
kit. The primers ITS1/ITS4 (White et al. 1990) were used to amplify and
sequence a fragment of the ITS region. PCR products were subjected to
Sanger sequencing to confirm sample species. The resulting 522-bp sequence
was deposited into GenBank (accession no. MN630490). BLASTn showed a
99.81% sequence identity with the CT1 isolate of P. macularis from H. lupu-
lus (MH687414). The presence and identification of P. macularis in hop pro-
duction regions is a new challenge to growers in Brazil. Research related to
the knowledge of the disease cycle, epidemiology, and control strategies for
the integrated management should be conducted, as there are no registered
fungicides for powdery mildew on hop in Brazil. To our knowledge, this is
the first report of P. macularis in Brazil, as well as in South America.
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ABSTRACT 
 

The choice of cultivars to be used by strawberry farmers is essential since it could determine the success 
of the crop. The present study aimed to evaluate the productive and qualitative performance of strawberry 
genotypes grown in Vacaria, RS, Brazil. Twelve strawberry genotypes were compared, constituting the 
different treatments: cultivars Strawberry Festival, Oso Grande, Jonica, and Pircinque, and selections FRF 
PA3, FRF CE 51, FRF CE 56, FRF PIR 29, FRF PIR 54, FRF 85.04, FRF 149.18, and FRF 102.21. The 
seedlings were transplanted on May 13, 2014, in a semi-hydroponic cultivation system, adopting a 
randomized block design with four blocks and an experimental unit of ten useful plants. The variables 
evaluated were the number of fruits, total production per plant, productivity, commercial productivity, fresh 
fruit mass, commercial percentage, soluble solids, titratable acidity, soluble solids to total acidity ratio, pulp 
firmness, and production seasonality. The mean values were subjected to an analysis of variance and 
multivariate analysis, and their means were compared by the Scott-Knott test at a 5% error probability. 
Cultivar Strawberry Festival and selection FRF 102.21 showed higher productions (1138 g plant-1 nd 1019 
g plant-1, respectively) and quantities of fruits produced (85 un plant-1 and 87 un plant-1, respectively). 
Cultivar Jonica and selection FRF 85.4 showed higher percentages of marketable fruits. The Pircinque 
cultivar was prominent for sugar content, presenting a value 24% superior to the general average of the 
cultivars. Cultivars Strawberry Festival, Jonica, and Pircinque and selection FRF 102.21 showed the 
highest qualitative and quantitative gains for the region of Vacaria, RS, Brazil. 
 

KEYWORDS: Fragaria x ananassa Duch; adaptability; productivity. 
 
RESUMO 
 
 

A escolha dos cultivares a serem utilizadas pelos produtores de morangos é fundamental, pois pode 
determinar o sucesso da cultura. O presente estudo tem como objetivo avaliar o desempenho produtivo e 
qualitativo de genótipos de morangueiro cultivados em Vacaria, RS, Brasil. Foram comparados 12 
genótipos de morangueiro, constituindo os diferentes tratamentos: cultivares Strawberry Festival, Oso 
Grande, Jonica e Pircinque, e seleções FRF PA3, FRF CE 51, FRF CE 56, FRF PIR 29, FRF PIR 54, FRF 
85,04, FRF 149,18, e FRF 102,21. As mudas foram transplantadas em 13 de maio de 2014, em sistema 
de cultivo semi-hidropônico, adotando-se o delineamento em blocos casualizados, com quatro blocos e 
unidade experimental de dez plantas úteis. As variáveis avaliadas foram número de frutos, produção total 
por planta, produtividade, produtividade comercial, massa fresca do fruto, porcentagem comercial, sólidos 
solúveis, acidez titulável, relação (sólidos solúveis/acidez total), firmeza da polpa e a sazonalidade da 
produção. Os valores médios foram submetidos à análise de variância e análise multivariada, e suas 
médias comparadas pelo teste de Scott-Knott a 5% de probabilidade de erro. O cultivar Strawberry 
Festival e seleção FRF 102,21 apresentaram maior produção (1138 e 1019 g planta-1) e quantidade de 
frutos produzidos (85 e 87 un planta-1). A cultivar Jonica e a seleção FRF 85,4 apresentaram maior 
porcentagem de frutos comerciáveis. O cultivar Pircinque se destacou-se pelo seu teor de açúcares, 
apresentando um valor 24% superior à média geral dos cultivares. As cultivares Strawberry Festival, 
Jonica e Pircinque e seleção FRF 102,21 apresentaram os maiores ganhos qualitativos e quantitativos 
para a região de Vacaria, RS. 
 

PALAVRAS-CHAVE: Fragaria x ananassa Duch; adaptabilidade; produtividade. 
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INTRODUCTION 
 

The national fruit production generates a cultivated area of approximately 2.70 million hectares, a 
production of roughly 40 million tons, and around five million jobs, making Brazil the third largest fruit 
producer worldwide, standing out in Latin America as the second-largest producer of small fruits according to 
FAOSTAT (2019). 

The fruit production chain is one of the agribusiness sectors that most generate jobs and income. 
According to the FAOSTAT (2019) strawberry is a main species was represented the small fruits in 
cultivation in Brazil, with approximately 4,500 hectares and an annual production around 165,440 tons. 

Regarding total production, strawberry is the main fruit produced and consumed among the species 
that make up small fruits in Brazil (FAGHERAZZI et al. 2017a). The commercial interest in the fruit is due to 
the notable demand by the consumer market and the possibility of diversification since the product may be 
used both for fresh marketing and processing in the form of sweets, yogurts, juices, liquors, and other 
products that use the striking characteristics of the fruit, such as its aroma, color, and flavor. Furthermore, 
strawberry is an important source of vitamin C (58.8 mg in 100 g), vitamin A (12 IU in 100 g), potassium (170 
mg in 100 g), folates, and calcium (2% of the recommended daily dose), also presenting other beneficial 
compounds, such as the high content of ellagic acid, a compound with high biological potential representing 
approximately 50% of the phenol content (HAKKINEN et al. 1999, CASALI 2004,  QUINATO 2007, DUARTE 
FILHO et al. 2007, ROCHA et al. 2008). 

In Brazil, strawberry cultivation is spread in temperate and subtropical climates, where the fruit is 
produced for fresh consumption and industrialization (SANTOS & MEDEIROS 2003). The primary factors for 
commercially exploiting this crop are the high profitability when compared to other species such as corn and 
soybean, and the comprehensive knowledge and acceptance by the consumer due to the diversity of 
commercialization and fruit processing options (REICHERT & MADAIL 2003, SANHUEZA et al. 2005, 
THIMOTEO et al. 2006). 

Strawberry is a crop of high economic expression for Brazilian producers, representing most of the 
South American production, with 155 thousand tons and 4300 hectares produced in 2017 alone. Although 
Brazil is not present in FAO reports, some experts claim it occupies a position among the twenty largest 
world producers (ANTUNES 2018). The states of Minas Gerais, Paraná, and Rio Grande do Sul represent 
approximately 75% of the cultivated area and national strawberry production (FAGHERAZZI et al. 2017b). 

The Vale do Rio Caí region in the state of Rio Grande do Sul is the main producer of table 
strawberries, followed by Caxias do Sul and Farroupilha. Pelotas and neighboring municipalities stand out in 
the production of strawberries for the industry, totalizing an annual production of approximately 11 thousand 
tons (ANTUNES & REISSER JÚNIOR 2007, ANTONIOLLI et al. 2007). However, many table strawberry 
producers are moving to higher altitudes, which present a favorable climate and soil for cultivation. In this 
sense, the municipality of Vacaria, located in the Campos de Cima da Serra region, stands out with low 
temperatures favorable to the vegetative period of winter fruits, according to WREGE et al. (2007). 

Oso Grande, Camarosa, and Strawberry Festival (short day) and Albion, San Andreas, Monterey, and 
Portola (neutral day), all developed in the United States, stand out among the main strawberry cultivars used 
in southern Brazil. When new strawberry cultivars are selected in breeding programs under local 
edaphoclimatic conditions and are subsequently disseminated to producing poles with different conditions, 
many do not express the same characteristics they presented where they were developed. In these cases, 
the cultivar will hardly produce high-quality fruit (CONTI et al. 2002, OLIVEIRA & BONOW 2012). 

One possible solution to compensate for the lack of fully adapted cultivars is the introduction of new 
cultivars. Some cultivars were introduced with few studies on their performance under Brazilian conditions in 
previous years, causing losses to farmers (PADUA et al. 2015). In this sense, new materials must be 
adequately assessed for adaptability in the region to which they will be introduced to ensure they meet the 
requirements of local producers and consumers (ASSIS 2004). Therefore, the choice of cultivars is one of 
the factors that largely determine the success of strawberry crops and must be linked to the climate 
characteristics of each location (DUARTE FILHO et al.  2007). For RUAN et al. (2013), the choice of cultivar 
is a crucial issue for the success of strawberry crops in different cultivation systems. To FAGHERAZZI 
(2013), success in strawberry cultivation is linked to several factors, such as the level of technical knowledge 
of the producers, the management, the edaphoclimatic conditions, and, especially, the choice of cultivars 
adapted to local conditions, to, therefore, satisfy producers and consumers. 

Given the above, this study aimed to evaluate the productive and qualitative variables and the 
production seasonality of strawberry genotypes grown under the Campos de Cima da Serra Region (RS) 
conditions. 
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MATERIAL AND METHODS 
 

The research was developed from May 2014 to March 2015 in an experimental area in the 
municipality of Vacaria, RS, Brazil, in the Campos de Cima da Serra region, at latitude 28º30' South and 
longitude 50º 56' West, at an altitude of 922 meters. The climate of the region is temperate (Cfb1) according 
to the Köppen classification (MORENO 1961). The strawberries were cultivated in a fixed greenhouse with a 
side opening and a transparent polyethylene film cover 150 µm thick. 

The cultivars used were Strawberry Festival, Oso Grande, Jonica, and Pircinque, selections FRF PA3, 
FRF CE 51, FRF CE 56, FRF PIR 29, and FRF PIR 54 (short day), and selections FRF 85.04, FRF 149.18, 
and FRF 102.21 (neutral day), constituting the different treatments. A national nursery produced the "fresh" 
bare-root seedlings, and the transplant took place on May 13, 2014, in a semi-hydroponic production system 
in a greenhouse covered with UV diffuser plastic. The slab substrate was composed of 40% carbonized rice 
peel, 40% pine bark, and 20% vegetable cellulose. The slab had dimensions of 15 cm wide and 20 cm deep. 

The planting density was 50 thousand plants per hectare, with a spacing of 0.15 m between plants. 
The basic fertilization was conducted according to the substrate analysis, using the recommendations 
described by PASSOS & TRANI (2013). Drip irrigation was performed using one drip tape per cultivation line, 
with drippers spaced 10 cm apart. The nutrients were supplied via fertigation using the following products: 
potassium sulfate (K2SO4), magnesium sulfate (MgSO4), monoammonium phosphate (MAP), calcium nitrate 
[Ca(NO3)2], potassium nitrate (KNO3), P 51 (liquid fertilizer containing 51% phosphorus), and a micronutrient-
based mixture. The electrical conductivity was maintained between 1 mS.cm-1 and 1.2 mS.cm-1, and its 
monitoring in the drained liquid was performed weekly. Pest and disease control was conducted using 
fungicides and insecticides recommended for the crop, when necessary. 

Harvest began in October 2014, approximately five months after planting, and occurred weekly in the 
coolest hours of the day, when 80% of the epidermis was red. After harvesting, the fruits were evaluated at 
the Food Technology Center II (NUTA II) at the UDESC Center for Agroveterinary Sciences (CAV). 
Harvesting ended in March 2015, when the high temperatures of the summer period promoted the end of the 
production cycle for some genotypes and the sharp decrease in production for others. 

The productive variables regarding the number of fruits (un plant-1), production (g plant-1), fresh fruit 
mass (g fruit-1), classification of production in the percentage of commercial fruits, deformed fruits (fruits with 
deformation of the epidermis), small fruits (fruits with fresh mass ≤ 10 g fruit-1), and rotten fruits (presence of 
Botrytis cinerea and Colletotrichum fragariae) were evaluated. The distribution of monthly production 
seasonality during the harvest period was also estimated. The qualitative parameters analyzed were the 
contents of soluble solids expressed in °Brix (determined using a digital bench refractometer), titratable 
acidity obtained by titration with a standardized 0.1 N sodium hydroxide solution, soluble solids to titratable 
acidity ratio, and pulp firmness obtained using a portable digital penetrometer with a No. 2 tip, with results 
expressed in N. 

The experimental design adopted was randomized blocks, with four blocks and one experimental unit 
of ten useful plants. The data collected were submitted to an analysis of variance and, when significant, their 
means were compared by the Scott-Knott test at 5% error probability. Subsequently, the multivariate analysis 
was performed for the principal component analysis (PCA) and correlation. 

 
RESULTS AND DISCUSSION 
 

A significant effect was found for all variables evaluated when comparing the studied genotypes. For 
the number of fruits per plant, cultivar Strawberry Festival and selections FRF CE 56 and FRF 102.21 
showed the highest values, with 85, 76, and 87 fruits per plant, respectively. In contrast, these genotypes 
showed a general average of 78% or lower regarding the production considered fit for in natura fruits (%), 
unlike cultivar Jonica and selection FRF 85.4, which presented the highest commercial production 
(approximately 90%). FAGHERAZZI (2013) reported that, for other cultivars, a lower number of fruits 
produced per plant is consistent with a higher fresh weight and, consequently, a larger caliber. 

Cultivars Strawberry Festival and selection FRF 102.21 showed the highest average production per 
plant: 1119.6 and 1138.5, respectively. A study conducted in Pelotas, RS, showed production values of 
799.21 g.plant-1 for cultivar Strawberry Festival, representing the most productive cultivar (CARVALHO et al., 
2013). This result indicated that the production of S. Festival was superior compared to the other cultivars 
and selections. The productive difference found is approximately 22g plant-1, 20% lower than in the study 
conducted by CARVALHO et al. (2013). These variations can be of biotic origins, such as a pathogen attack, 
or abiotic, such as climatic conditions like the high level of relative air humidity and the low light intensity, 
disfavoring plant development (VIDA et al. 2004). The climatic data regarding the average temperature (°C) 
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and rainfall (mm) were monitored through the meteorological station of the National Institute of Meteorology 
(Table 1).  

 
Table 1. Average values of the environmental variables measured in the 2014/2015 production cycle. 
        

 
Mean Temperature 

(Tmed; °C) 

Maximum 
Temperature 
(Tmax; °C) 

Minimum 
Temperature  

(Tmin; °C) 
Rainfall (mm) 

2014/2015 
May 13.5 19 8   76 
June 11.5 17 6   92 
July 11.5 17 6 159 
August 12.5 18 7 131 
September    14 19 9 176 
October 16.5 22 11 145 
November    18 24 12 107 
December 19.5 25 14 138 
January 20.5 26 15 121 
February 20.5 26 15 127 
March    19 24 14 114 
April 15.5 21 10   75 
Average 16.04 21.50 10.58 121.75 

 
The same was observed for commercial productivity in cultivar Strawberry Festival and selection FRF 

102.21, both with commercial production of 39 t.ha-1, 40% superior to the general average. BRUGNARA et 
al. (2017) obtained similar average productivity values, ranging from 30 to 60, for Strawberry Festival, with a 
plant population of 5.53 plants per squared meter, in a study conducted in the west of Santa Catarina for the 
2017/2018 harvest.  

The neutral day selections FRF 85.4, FRF 149.18, and FRF 102.21 showed good harvest distributions 
(Table 2) since their average production in October, November, and December was 25%. This characteristic 
must be explored because cultural techniques are a viable solution for the excess of fruit produced in a short 
time when there is little qualified labor to harvest, thus facilitating the flow of production with labor 
optimization (REIS et al. 2011). 

 
Table 2. Production seasonality (%) of the cultivars and selections evaluated in Vacaria, RS, Brazil, 2015. 
   

Genotype 

Production Seasonality 

% OCT % NOV % DEC % JAN % FEB % MAR 

Jonica (SD) 36  b 21  d 30  d 09  e 01  e     02 ns 

Oso Grande (SD) 39  a 19  e 29  e 10  e 01  e 02 
Pircinque (SD) 30  b 18  f 33  c 11  d 06  b 02 
Strawberry Festival (SD) 27  b 19  e 35  b 11  d 05  c 02 
FRF PA3 (SD) 39  a 16  f 36  b 06  f 01  e 02 
FRF CE 51 (SD) 35  a 21  d 34  b 06  f 01  e 02 
FRF CE 56 (SD) 19  c 22  d 40  a 13  c 04  c 03 
FRF PIR 29 (SD) 39  a 20  e 35  b 03  g 02  e 01 
FRF PIR 54 (SD) 35  a 28  a 23  g 09  e 02  d 02 
FRF 85.4 (ND) 29  b 24  c 27  f 11  d 07  a 03 
FRF 149.18 (ND) 18  c 22  d 29  e 19  a 08  a 04 
FRF 102.21 (ND) 27  b 26  b 20 h 18  b 05  c 03 
Mean 31 21 31 11 04 02 
CV (%) 8.4 3.9 2.4 5.4 13.9 28.5 

*Means followed by the same letter do not differ significantly by the Scott-Knott test at 5% of error probability. 
ND = Neutral Day; SD = Short Day. 
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For the percentage of production classified as commercial, cultivar Jonica and selections FRF 85.4, 
FRF PA3, FRF PIR 29, and FRF PIR 54 stood out, with an average of 85%. This parameter is decisive for 
real production because of losses due to fungal diseases that may reach 100%, according to COSTA et al. 
(2011). 

When considering the fresh weight values, two groups were formed, one containing three of the 
commercial cultivars, namely Jonica, Oso Grande, and Pircinque, and selections FRF PIR 29, FRF PIR 54, 
and FRF 85.4, with an average fresh weight of 19.6 g fruit-1, and the other formed by cultivar Strawberry 
Festival and selections FRF PA3, FRF CE 51, FRF CE 56, FRF 149.18, and FRF 102.21, with an average 
fresh mass of 14.8 g fruit-1 (Table 3). 
 
Table 3. Assessment of the productive characteristics of the evaluated genotypes separated according to 

their classifications in total (fruits per plant, production in grams per plant, and productivity tons per 
hectare) and commercial production (fresh mass in grams per fruit, commercial percentage, and 
productivity in tons per hectare). Vacaria, RS, Brazil, 2015. 

 

Genotype 

Total production  Production classified as commercial 

Fruits 
(un plant-1) 

Production 
(g plant-1) 

Productivity 
(t ha-1) 

 Fresh Mass 
(g fruit-1) 

   (%) 
Productivity 

(t ha-1) 

Jonica (SD) 49.1  c 727.7  b 36.44  b  21.9  a 85  a 30.9 b 

Oso Grande (SD) 58.2  b 834.1  b 41.7  b  18.19  a 77  c 32.0 b 

Pircinque (SD) 63.3  b 878.3  b 43.9  b  21.1  a 72  d 32.0  b 

Strawberry Festival (SD) 85.1  a 1019.6 a 51.0  a  15.5  b 78  c 39.7  a 

FRF PA3 (SD) 56.7  b 567.9  c 28.4  c  12.3  b 82  b 23.3 c 

FRF CE 51 (SD) 66.4  b 784.4  b 39.2  b  15.3  b 78  c 30.6  b 

FRF CE 56 (SD) 75.9  a 779.2  b 39.0  b  13.5  b 74  d 28.7  b 

FRF PIR 29 (SD) 36.1  d 506.8  c 25.3  c  18.0  a 80  b 20.2  c 

FRF PIR 54 (SD) 47.2  c 708.9  b 35.4  b  18.0  a 81  b 28.7  b 

FRF 85.4 (ND) 28.4  d 475.8  c 23.8  c  20.3  a 90  a 21.4  c 

FRF 149.18 (ND) 61.7  b 821.4  b 41.1  b  16.1  b 76  c 31.1  b 

FRF 102.21 (ND) 87.1  a 1138.5  a 57.0  a  16.3  b 69  d 39.3  a 

Mean 59.6 770.2 38.5  17.2 78 29.8 

CV (%) 12.7 11.9 11.9  13.1 3.8 12.3 
*Means followed by the same letter do not differ significantly by the Scott-Knott test at 5% of error probability. 
ND = Neutral Day; SD = Short Day. 

 
The separate acidity values indicate that the FRF 102.21 selection has high acidity, 23% higher than 

the average, and commercial cultivars below average. Consequently, the SS to TA ratio of the FRF 102.21 
selection was 26% below the average. For commercial cultivars, the average value is 15% superior to the 
average. Strawberry fruits with acceptable flavor must have a minimum of 7% soluble solids and a maximum 
of 0.8% titratable acidity (KADER 1991). 

High levels of soluble solids are desirable in qualitative assessments, both for fresh consumption and 
for processing. Average levels are around 8% in ripe fruits (FARNEZI et al. 2020). Cultivar Pircinque stood 
out with an average value of 7.9 ºBrix for the soluble solids content, which is positive since palatability is 
directly linked to the sugar content concerning acids, given by the antagonistic relationship cited by 
BRACKMANN et al. (2011). 

Most cultivars reached an average of 3.2 N for pulp firmness, apart from cultivar Oso Grande and 
selections FRF 149.18, FRF CE 51, and FRF CE 56, which were below average (3.2 N) (Table 4). The FRF 
85.4 genotype stood out with an average of 4.7 N, presenting the highest values of pulp firmness, 33% 
superior to the other genotypes. Pulp firmness is a determining factor for the success of a cultivar since it 
allows a longer postharvest period and long-distance transport. This work showed a significant correlation 
between pulp firmness and commercial percentage (0.62), finding that a lower firmness is consistent with the 
fruit disposal rate, thus directly influencing the results of the commercial percentage described by 
FAGHERAZZI (2017a). 



 
 
 

Santos et al. 
 

Rev. Ciênc. Agrovet., Lages, SC, Brasil (ISSN 2238-1171) 154 
 
 

Table 4. Assessment of the qualitative aspects of the fruits regarding the mean values for soluble solids 
(SS), total acidity (TA), SS to TA ratio, pulp firmness, and luminosity (L), chroma (C), and hue angle 
(hº) of the epidermis color of the fruits of the evaluated genotypes. Vacaria, RS, Brazil, 2015. 

 

Genotype 
SS 

(ºBrix) 

TA 
(%   citric 

acid) 

Ratio 
SS/TA 

Firmness 
(N) 

Color 

L C hº 

Jonica (SD) 6.2  d 0.62  c 10.00  d 3.4  b 20.55  a 24.27  c 17.56  c 

Oso Grande (SD) 5.8  e 0.47  e 12.27  b 2.4  c 17.96  b 24.11  c 17.28  c 

Pircinque (SD) 7.9  a 0.57  d 13.86  a 3.4 b 19.24  b 24.54  c 16.39  d 

Strawberry Festival (SD) 6.4  d 0.57  d 11.15  c 3.3  b 18.69  b 23.31  d 17.52  c 

FRF PA3 (SD) 7.4  b 0.61  c 12.10  b 3.2  b 20.21  a 26.37  b 17.50  c 

FRF CE 51 (SD) 6.6  c 0.63  c 10.40 d 2.9  b 21.60  a 27.98  a 17.81  c 

FRF CE 56 (SD) 6.3  d 0.68  b 9.33  d 3.0  b 20.59  a 26.89  b 18.49  b 

FRF PIR 29 (SD) 6.1  e 0.63  c 9.62  d 3.6  b 21.72  a 25.10  c 19.38  a 

FRF PIR 54 (SD) 6.2  d 0.63  c 9.83  d 3.2  b 19.17  b 25.80  b 17.53  c 

FRF 85.4 (ND) 6.6  c 0.67  b 9.81  d 4.7  a 19.21  b 25.93  b 17.51  c 

FRF 149.18 (ND) 5.8  e 0.58  d 9.88  d 2.6  c 19.47  b 24.30  c 18.48  b 

FRF 102.21 (ND) 5.9  e 0.76  a 7.77  e 3.2  b 16.40  c 22.12  d 15.88  d 

Mean 6.4 0.62 10.5 3.2 19.57 25.06 17.61 

CV (%) 2.6 3.7 5.2 7.4 4.8 3.3 2.3 
*Means followed by the same letter do not differ significantly by the Scott-Knott test at 5% of error probability. 
ND = Neutral Day; SD = Short Day. 

 
When considering the epidermis color, the luminosity parameter was divided into three groups (Table 

4), where cultivar Jonica and selections FRF PA3, FRF CE 51, FRF CE 56, and FRF PIR 29 were above the 
average. None of the commercial cultivars presented epidermis saturation above the average (25.06) 
regarding the chroma variable, and the same behavior was observed for the hue angle. Only selections FRF 
CE 51 and FRF PIR 29 differed from the others regarding the degree of saturation (chroma) and hue angle, 
respectively. Luminosity, chroma, and hue had a direct, negative, and significant correlation (< 5%) with 
production and productivity. Therefore, higher production is consistent with a greater dilution of the epidermis 
pigments, so cultivars with high production commonly produce fruits with depigmented or little pigmented 
interiors (CASTRO 2004, DUARTE FILHO et al. 2007). 

Among the short-day commercial cultivars (Jonica, Oso Grande, Pircinque, and Strawberry Festival), 
only cultivar Oso Grande had considerable production in October, representing 39% of its total production. 
This is consistent with the data obtained by GONÇALVES et al. (2016), who demonstrated that this cultivar 
has a high precocity under the conditions of the municipality of Pelotas, RS, compared with other commercial 
cultivars. The production of the other commercial cultivars (Pircinque, Jonica, and Strawberry Festival) was 
diluted over the evaluated months, presenting a significant drop from February, with average production 
decreasing around 50% per month. 

Four of the five short-day selections (FRF PA3, FRF CE 51, FRF PIR 29, FRF PIR 54) had an average 
production of 37% in October. Selection FRF CE 56 produced 40% of its total production in December. 
Selections FRF PIR 54 (23%) and FRF 102.21 (20%) were the only selections that presented production 
peaks in December compared to the average of the other selections (33%). 

Figures 1 and 2 show the divergence between neutral-day and short-day cultivars. Most of the short-
day cultivars and selections presented low production in January, given that they suffer a strong influence of 
the photoperiod. When referring to adaptation, strawberries are directly affected by two environmental 
factors: temperature, neutral-day (ND) and short-day (SD) cultivars, and photoperiod for SD cultivars, since 
the temperature may affect floral induction differentiation and fruit development, consequently influencing the 
productivity and quality of the fruits (HONJO et al. 2016). 
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ND = Neutral Day; SD = Short Day. Source: The author, 2019. 
 

Figure 1. Seasonal variation of the commercial production (g plant-1) for genotypes (a) Jonica, (b) Oso 
Grande, (c) Pircinque, (d) Strawberry Festival, (e) FRF PA3, and (f) FRF CE 51 during the 
2015/2016 cycle. Vacaria, RS, Brazil, 2020. 
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     Continuation Figure 2. 

 
      Caption: ND = Neutral Day; SD = Short Day. Source: The author, 2019. 
 

Figure 2. Seasonal variation of the commercial production (g plant-1) for genotypes (g) FRF CE 56, (h) FRF 
PIR 29, (i) FRF PIR 54, (j) FRF 85.4, (k) FRF 149.18, and (l) FRF 102.21 during the 2015/2016 
cycle. Vacaria, RS, Brazil, 2020. 

  
The principal component analysis (PCA) (Figure 3) showed four distinct groups. Group I, included in 

principal component 1 (CP2), consisted of cultivars Pircinque and Oso Grande, genotypes correlated with 
ºBrix, SS to TA ratio, and fresh weight. Group II, arranged on the CP1 axis, consisted of cultivar Jonica and 
selections FRF PA3, FRF CE 51, FRF PIR 29, FRF PIR 54, and FRF 85.4, presenting a correlation for 
commercial production percentage, pulp firmness, luminosity, Chroma, and hue angle, with colors far from 
red. Group III was formed by selections FRF CE 56 and FRF 149.18, grouped with the acidity variable in the 
CP2 axis. Group IV, arranged in CP1, was composed by selection FRF 102.21 and cultivar Strawberry 
Festival, both arranged contrary to the chemical and physical fruit quality parameters (soluble solids, soluble 
solids to titratable acidity ratio, epidermis color) highly correlated with productive parameters (fruits per plant, 
production per plant, productivity, commercial productivity). 

 

 
Figure 3. Principal component analysis for the variables, cultivars, and selections evaluated in Vacaria, RS, 

Brazil, 2015. 
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Total soluble solids (Figure 4) have a significant (0.67) positive correlation with the SS to TA ratio 
because it is the numerator of said ratio. On the other hand, the correlation between TA and the SS to TA 
ratio is highly significant and negative (-0.77), given that it is the ratio denominator. ZANIN et al. (2019) had 
previously reported similar values (-0.71) for the same correlation in a study with sixteen strawberry 
genotypes conducted in the municipality of Lages, Santa Catarina. 

The number of fruits per plant has a high correlation with dependent variables or even those derived 
from it, such as commercial production. The same is true for production per plant and productivity and 
percentage of commercial fruits, also reported by FAGHERAZZI (2017b) and ZANIN et al. (2019). 
 

 
Correlation matrix, positive correlations are displayed in blue and negative correlations in red color. Color intensity and 
the size of the circle are proportional to the correlation coefficients.  
Caption: FP = fruits per plant. PP = production per plant. PH = productivity per hectare. FM = fresh mass. %CP = 
commercial percentage. SS = content of soluble solids. FR = firmness. TA = titratable acidity. RT = soluble 
solids/titratable acidity ratio. LM = epidermis luminosity. CR = epidermis chroma. H = epidermis hue angle. 
 

Figure 4. Pearson correlation matrix among the variables obtained in the adaptability study of the cultivars 
and selections evaluated in Vacaria, RS, Brazil, 2015. 

 
CONCLUSION 
 

The Strawberry Festival, Jonica, and Pircinque cultivars and the FRF 102.21 selection were best 
adapted to the climate conditions of Vacaria, RS, Brazil, concerning both qualitative and quantitative data. 
The Strawberry Festival cultivar and the FRF 102.21 selection presented the highest productivities per 
hectare. 
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Abstract: 
Micropropagation through the use of temporary immersion bioreactors
systems is considered an alternative to increase the efficiency of production of
explants in vitro, reducing costs by automating the process. The objective of
this study was to compare different techniques of micropropagation of pear
tree rootstocks. The experiment was carried out at the plant biofactory of the
Santa Catarina State University (UDESC/CAV). Four rootstocks of pear tree
were studied: OH×F69; OH×F87; OH×F97 and Pyrodwarf (PDW); and two
cropping techniques: temporary immersion systems (TIS) and conventional
micropropagation system (solid culture medium), comprising completely
randomized design in a factorial scheme 4×2 totalling eight treatments. The
explants were cultured for 40 days in Quoirin & Lepoivre (QL) medium,
supplemented with 1 mg L‑1 of benzyl aminopurine (BAP) in both techniques.
It was verified that there was statistical difference between the TIS and the
solid culture medium for the variable number of shoots among the rootstocks,
with OH×F69 being higher in the solid medium (20 shoots) and OH×F87 being
higher in TIS (76 shoots). For the variables mean length and greater length of
greater bud, rootstocks OH×F69 and PDW differed statistically, being higher in
TIS, and OH×F97 was superior in TIS only for the variable length of greater
bud. For the number of leaves, there was a statistical difference between the
materials in the solid medium, and the best results were obtained in the
rootstocks OH×F69, OH×F87 and OH×F97 with values of 136.67, 125.67 and
100.33, respectively. Differences were also observed between the techniques
for leaf number, with TIS being superior in the OH×F97 rootstock and the use
of the solid culture medium gave better results for the rootstock OH×F69. In
general, TIS is recommended for the in vitro propagation of most of the pear
tree rootstocks studied.
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ABSTRACT

This study aimed to characterize solar brightness, photoperiod, phenology and productivity of Chinook, Columbus, 

Cascade and Yakima Gold hop cultivars grown in the municipalities of Lages and São Joaquim in Santa Catarina state, 

southern Brazil. The phenological stages evaluated were: beginning of sprouting, emission of lateral branches, beginning 

of flowering, formation of cones and beginning of harvest in the 2018/2019 production cycle. Photoperiod and solar 
brightness were calculated with data obtained from the Environmental Resources and Hydrometeorology Information 

Center of Santa Catarina State, in Lages and São Joaquim. The observed results demonstrate hops develops at latitude 27º 

South, there was a difference in behavior in the phenological cycle of the cultivars, characterizing Yakima Gold as early, 
with 143 days and Columbus with 191 days, late. Since the first agricultural harvest, there is the production of cones. With 
5.87 hours per day solar brightness average, in Lages, 3,300 kg of fresh hops were produced per hectare. In São Joaquim, 
with a 5.53 hour per day solar brightness average, 6,000 kg of fresh hops were produced per hectare. 

Keywords: photoperiod; solar brightness; phenology; Humulus lupulus L.

INTRODUCTION 

As one of the five largest beer producers, Brazil stands 
out in the beer market internationally, producing and sell-

ing around 13 billion liters. As a necessary raw material for 

the preparation of beer, four basic ingredients are needed: 

water, malt, yeast and hops. This last ingredient is imported 

in full volume, to serve the national brewing industry. 

World hop production is concentrated between latitudes 
35º and 45º, south and north, however the largest world 

hop producers are located in the northern hemisphere, with 

the United States and Germany being the largest producers 

of this culture (Fagherazzi & Rufato, 2018).
Hop farming got its place in Brazil more than 60 years 

ago, with the arrival of European immigrants (Pereira, 

2021). However, the cultivation of hops has given way to 

other economic activities in the country. Less than 10 years 

ago, hop farming returned to the fields of cultivation, due to 
the growing number of microbreweries registered in recent 

years in Brazil (Spósito et al., 2019).
For several plant species, flowering is dependent on the 

relative length of day and night, so the duration in hours of 

the day, in relation to the night, is called the photoperiod. 

This mechanism quantifies intervals of darkness with inter-
vals of light to which plants are exposed (Baruzzi, 2005). 
According to Rybacek (1991), cultivated quality hops 
generally require 1,800 to 2,000 hours of solar radiation per 
year. Within this interval, 1,300-1,500 hours must occur in 
the vegetative period, where hop plant needs more energy 

to create biomass. Considering vegetative period of hops 
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lasts between 122 and 127 days (Rybacek, 1991), plants 
need an average of 11.2 hours of sunshine per day in the 

spring.In field, warmer temperatures and longer photo-

periods bring the hop at transition from juvenile to adult 

phase. Warmer temperature is a condition to hop flower 
under shorter day length. However, to achieve a plenty of 

flowering and yield, the plants need more hours of light 
during early season (Jastrombek et al., 2022). Recently 
the effect of photoperiod was disentangled of vernalization 
temperature. Increasing the photoperiod above the critical 

length for hop flower induction in both vernalized and 
non-vernalized plant material, hops do not require either 

low temperature chilling or dormancy to achieve typical 

flower initiation, formation, and cone yield (Bauerle, 2019). 
This study aimed to characterize phenological devel-

opment and quantify the photoperiod, solar brightness and 

productivity of four hop cultivars in the southern highlands 

region of Santa Catarina State, in order to identify new 

cultivation options for small producers.

MATERIAL AND METHODS 

The experiment was developed in the 2018/19 harvest 
in two municipalities, Lages and São Joaquim, Santa Cata-

rina State. In Lages, a study took place in an experimental 

area at the College of Agriculture and Veterinary of Santa 

Catarina State University, located at 27 ° 48’S South and 50 
° 19’West, and 922 meters above sea level, with Koeppen 
classification, with Cfb type climate (temperate climate 
with cool summer) and average annual temperature of 14.3 
ºC, with average rainfall of 1479.4 mm per year (Cardoso 

et al., 2003). The soils in the experimental areas are clas-

sified as aluminum humic cambisol (Bertol, 1994). The 
evaluated hop cultivars were Cascade, Columbus, Chinook 

and Yakima Gold. 

Another experimental area was conducted in the munic-

ipality of São Joaquim - SC, located in a commercial area 

of the Agricultural Cooperative of São Joaquim at 28º 17’S, 
49º 56 ‘W, at an altitude of 1,280 meters above sea level, 
on classified soil in Neossolo Litólico. Region climate is 
characterized as humid subtropical, Cfb according to the 

Köeppen classification. Annual temperature average is 14.8 
ºC, and annual precipitation average is 1,597 mm (INMET, 
2022). The evaluated hop cultivars were Cascade, Colum-

bus and Chinook.

Meteorological data were obtained from the Environ-

mental Resources and Hydrometeorology Information 

Center of Santa Catarina State, in Lages and São Joaquim. 

Phenology analysis was performed only for the municipal-

ity of Lages.

Photoperiod was calculated for Lages and São Joaquim, 

for the period of one year, through the astronomical Earth-

Sol relations (Silva, 2006). The mathematical relationship 
(Equation 1) for the calculation of the photoperiod (N) is 
given by:

Hn considered as the hour angle for sunrise, in hours. 

The Hour angle, in turn, depends on a mathematical 

relationship (Equation 2) that considers the latitude of the 
location (Ф) and the solar declination (δ):

Solar declination is calculated by the following mathe-

matical relationship (Equation 3), considering the number 
of the day in the year (NDA), or Julian day:

Data referring to the number of hours of sunlight, from 

the cultivation period, were obtained from the Epagri 

Automatic Meteorological Station, for the locations of São 

Joaquim and Lages

Determination of plant phenology was carried out by 

the same person and on the same plants. The beginning of 

sprouting, the emission of lateral branches, the beginning 

of flowering, the formation of cones and the beginning of 
harvest were evaluated weekly, following the phenological 

scale proposed by BBCH (Rossbauer, 1995).
Estimated productivity was determined from the 

production of fresh cones obtained by plant and estimated 

per hectare. The treatments consisted of cultivars in a four-

block randomized design with six plants per treatment.

The data obtained were evaluated descriptively, accord-

ing to Silvestre (2007), since through descriptive statistics 
it is possible to compare the same phenomena under differ-
ent conditions.

RESULTS AND DISCUSSION 

Figure 1 shows weeks and months of the main phenolog-

ical stages of the cultivars evaluated, during the 2018/2019 
harvest according to the methodology proposed by BBCH 

(Rossbauer, 1995). Results demonstrate different periods of 
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development among the cultivars evaluated, corroborating 

with studies carried out in Italy, in the Mediterranean that 

point out that there is a significant difference between cul-
tivars in relation to their phenology (Rossini et al., 2016). 

Sprouting phase started in first week of September for 
Chinook and Columbus, in the second week for Cascade 

and in the fourth week of September for Yakima Gold, that 

takes longer to start sprouting, 15 days after the first early 
cultivar, Columbus.

Analyzing phenology of different grape varieties in 
Serra Gaúcha region, northern Rio Grande do Sul State, 

Mandelli (2003) explains the classification based on the 
growing season is important for wine growers, as it allows 

the use of early growing varieties in places with low risk of 

the occurrence of late frosts, and varieties of late sprouting 

in places prone to this phenomenon. If this same reasoning 

were used for hops cultivation, due to the fact that grapes 

are also grown in the studied regions and there is still no 

theoretical reference for the basis of discussions for hops 

varieties in Brazil, it could be indicating Yakima Gold as 

cultivar best option, of late sprouting, to try to avoid frost 

damage in the southern highlands of Santa Catarina.

Leaf development started in third and fourth weeks of 

September for Chinook and Cascade lasting three weeks. 

Columbus started leaf development in the fourth week of 

September and extended until the first week of October. 
However, Yakima Gold cultivar showed late leaf develop-

ment if compared to other cultivars, from the second week 

of October, until the third week of November.

Formation of lateral branches started in the second 

week of October in Chinook and Columbus, extending 
until the second and third week of November. Cascade had 
the formation of the lateral branches from the third week of 

October to the first week of December. However, Yakima 
Gold presented the shortest period of formation of the lat-

eral branches, the most recent was from the fourth week of 

November until the second week of December (Figure 1).
Main branch started growing in the third week of 

November in Chinook and lasted for six weeks, until the 
fourth week of December together with Columbus. Cas-

cade also showed a period of growth of the main branch 

of five weeks like Columbus, but this was later, from the 
second week of December and extended until the second 

week of January. Yakima Gold had the shortest period, only 

in the third week of December (Figure 1).
Cascade and Yakima Gold shown a short reproductive 

period, between the emergence of the inflorescences and the 
harvest, when compared with the other cultivars. It was 37 

days for Cascade, 38 days for Yakima Gold and approximate-

ly 60 days for Chinook and Columbus cultivars (Figure 1).
Yakima Gold is more precocious (143 cycle days), 

followed by Cascade (180 days), Chinook (189 days) and 
Columbus (191 days) (Figure 1). The lower cycle of culti-
var Yakima Gold can be explained by its lower requirement 

in degrees days to enter the reproductive period, which can 

be confirmed by the results of 885.66 hours of accumulated 
sunlight throughout the period of vegetative and reproduc-

tive cycles (Table 1).

Figure 1: Hop cultivars phenology in the municipality of Lages, Santa Catarina State (SC), Brazil, during the 2018/2019 cultivation 
cycle. Lages, SC, 2019. Source: the authors, 2020.
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Cultivars had different dates of occurrence for the 
main phenological stages in the present study. These 

differences occur due to variety, climate and geographical 
position (Jones, 1997). 

Photoperiod, or effective length of day in hours, is 
defined as the time interval between sunrise to sunset, 
referring to a given location and date. This variation is 

related to the relative position between Sun and Earth and 

periods of illumination throughout the seasons. Insolation 

and photoperiod differ by the fact that insolation is de-

fined as the total time of exposure, of a given location, to 

sunlight, or the same as the visible disposition of the solar 

disk to an observer on the surface of the analyzed place. 

Photoperiod is not related to the total time of exposure 

to the Sun, but to the period in which it will be possible 

to have situations of sunlight (Silva, 2006). In this way, 
the number of hours of sunlight will be less than or equal 

to the photoperiod, which will be the maximum possible 

value for heat stroke.

Due to the proximity between cities, the minimum and 

maximum values ​​of the photoperiod throughout the year 

are similar (Figure 2).

Table 1: Characterization of accumulated daily sunlight amount for hop cultivars of the 2018/2019 production cycle, for Lages and 
São Joaquim. Source: the authors, 2020

Location/cultivar Cultivation period 
Days of  

cultivation cycle 
(day)

Total solar  
brightness in the 

period (h)

Average daily solar 
brightness (h/day)

Lages

Chinook 09/10/2018 - 03/19/2019 189 1107.97 5.86

Columbus 09/10/2018- 03/21/2019 191 1122.73 5.81

Yakima Gold 09/25/2018 - 02/17/2019 143 885.66 6.19

Cascade 09/15/2018 - 03/14/2020 181 1077.05 5.95

São Joaquim

Chinook 09/13/2018 - 03/28/2019 196 1156.93 5.87

Columbus 09/13/2018 - 03/28/2019 196 1156.93 5.87

Cascade 09/13/2018 - 03/28/2019 196 1156.93 5.87

Figure 2: Photoperiod (in hours) for the municipalities of Lages and São Joaquim. Lages, SC, Brazil, 2020. Source: the authors, 2020.
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Photoperiod values for the two cities analyzed vary 

from 10.2 to 13.8 hours, minimum and maximum, re-

spectively throughout the year. Therefore, a maximum 

variation of 3.6 hours between the shortest day (winter 

solstice) and the longest day (summer solstice) for the 
southern hemisphere. However, it is worth mentioning 

that these values are actually possible values of solar 

brightness during certain times of the year. What is really 
important to know is the amount, in effective hours of 
sunlight, available in a given region.

According to data obtained by the Epagri Automatic 

Meteorological Station, for the locations of São Joaquim 

and Lages (Table 2), for the 2018/2019 harvest, annual 
profile of hours of sunlight (n) is shown below:

Table 2: Number of hours of medium, maximum and minimum solar brightness (BS) for the 2018/2019 harvest, in São Joaquim and 
Lages-SC. Lages, SC, 2020. Source: the authors, 2020

Medium solar brightness  

(h day-1)

Maximum solar brightness  

(h day-1)

Minimum solar brightness  

(h day-1)

São Joaquim 5.87 13.10 0.0

Lages 5.53 13.33 0.0

Null values of solar brightness are presented through-

out the year, due to cloudiness and the presence of rainy 

seasons. The maximum values obtained for the parameter 

coincide for the two localities, on the same date of the 

year (12/08/2018), as they are close regions, in summer 
season, with low or no cloudiness, a time when, accord-

ing to analysis photoperiod, it is possible to obtain the 

highest values for solar brightness in the year.

In terms of annual average values, it is noticed that the 

two locations have daily average values that are below 6 

hours of sunlight.

Considering the two locations studied, and their 

respective cultivation areas with four hop cultivars (La-

ges) and three hop cultivars (São Joaquim), and based 
on information of hours of sunlight (hours and tenths) 
provided by the Automatic Meteorological Station of Ep-

agri, for the entire growing period, we have the following 

information (Table 1).
Reference information about hop cultivars in north 

hemisphere, on the amount of sunlight vary from 1,800 
to 2,000 hours per year (Rybacek, 1991), from 1,330 to 
1,500 in the growing season, so it has to be that, con-

sidering the duration of 122 to 127 days, 11.2 hours of 

sunshine per day in such a period. This is not observed 

in the present research, since the entire production cycle 

presented between 800 to approximately 1,200 
Pavlovic et al., (2012) studied four meteorological 

parameters on the influence of alpha-acid in the cultivar 
Aurora during 16 harvests in Slovenia. Solar brightness 

total average for those years was 1,139.2 hours. Under 

the study conditions, Yakima Gold cultivar completed the 

production cycle with less than 1000 hours of sunlight 

(Table 02) and for São Joaquim the studied cultivars 
completed the cycle with more hours of sunlight when 

compared to the study conditions in Slovenia.

Smith (1974) studying four cultivars in four agri-
cultural harvests in different European countries found 
that the average hours of sunlight varied from 4.4 hours 

and 8.8 hours in the period considered critical, July to 
August, for the northern hemisphere. In the study con-

ditions, daily brightness average values varied between 

5.81 to 6.19 hours per day (Table 03). There are no data 
in Brazilian literature that relate the number of sunlight 

hours and productivity of cones and/or stadiums of hops 

development.

Fresh cones estimated yields of studied cultivars 

ranged from 157.13 kg/ha to 3,365.54 kg/ha in Lages, and 

from 4,983.21 kg/ha to 6,192.44 kg/ha in São Joaquim. 
Considering cultivars, Columbus was the most produc-

tive in both evaluated regions, but there was similarity 

in estimated productivity between Chinook and Cascade 

in Lages. However, Yakima Gold showed the lowest 

estimated yield (Table 3).
Therefore, for choosing a cultivar it is necessary to 

know initially the maximum production potential in each 

region, to analyze at least the climatic conditions of the re-

gion and possible conditions of cloudiness, which results 

in different sum of sunlight hours from the photoperiod, 
and then verify the relationship between productivity and 

effective hours of sunlight.



Rev. Ceres, Viçosa, v. 70, n. 4, p. 1-7, jul/aug, 2023

6 Mariana Mendes Fagherazzi et al.

Even with an average of hours of sunlight less than the 

estimated photoperiod values for the year, which generally 

varies from 10.2 to 13.8 hours per day, the observed yield 
of cultivars is consistent with that recommended by the lit-

erature, which indicates that the production may be related 

to the effective amount of hours of sunlight and that, even 
with values below the photoperiod, the diffuse radiation, 
present in cloudy days, common in the studied region, can 

be as important as the direct radiation, seen in several other 

cultures (Petter et al., 2016) diffuse radiation is photosyn-

thetically more relevant than direct radiation.

In cloudy situations, there is an increase in the fraction 

of diffuse radiation, which can be useful for the better use 
of solar radiation by plants. Aikman (1989) and Radin et al. 

(2003) found that the increase in diffuse radiation promoted 
greater uniformity of radiation inside the canopy, causing 

the lower leaves to increase the interception of radiation 

and its use.

CONCLUSIONS

Cultivars cycles were different for the same region. 
The observed results, for the conditions of study, demon-

strate hops develop at latitude 27º South, and there is 

production of cones since first agricultural harvest. With 
solar brightness average of 5.87 hours per day, there was a 
productivity of approximately six thousand kilos of fresh 

hops per hectare, consistent with literature found. Solar 

brightness parameter must be analyzed for the different hop 
cultivation regions in order to establish a reference in terms 

of hours of sunlight per period and productivity.
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