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Abstract: Sugar beet (Beta vulgaris subsp. vulgaris) is a commercially important biennial root crop,
providing about 20% of the world’s annual sugar production. Seed quality is crucial for adequate
plant growth and production. The productivity of sugar beet is often limited by heterogeneous
germination in the field. In order to improve the sugar beet germination process, the effect of
different concentrations of microalgal extracts from Chlorella vulgaris or Scenedesmus quadricauda
was investigated by calculating several indices useful to evaluate the germination performance.
Moreover, root morphological analysis was performed by using WinRHIZO software. B. vulgaris
seeds were soaked with five different concentrations (from 0.1 to 10 mg Corg/L) of the microalgal
extracts, considering the amount of organic carbon (Corg) in each extract. Our results show that these
microalgal extracts exert a positive effect on sugar beet germination, by increasing efficiency and
regularity of this critical process for B. vulgaris seeds. The best results, in terms of germination indices
as well as root morphological traits, were reached by using C. vulgaris extract at the concentrations C2
(1 mg Corg/L) and C3 (2 mg Corg/L).

Keywords: microalgae; germination percentage; mean daily germination; seedling vigor index; total
root length; priming treatment

1. Introduction

Seed germination is a crucial process, characterized by a series of steps, normally occurring
before radicle emergence from the seed coat [1,2]. Radicle emergence percentage can deeply affect the
production and the crop quality since the germination process is a sensitive step for plant growth and it
is strictly linked to the seed quality, being the radicle emergence percentage related to seed germination
potential [3–5]. In fact, during the germination of seeds, different enzymes such as amylases, proteases,
and lipases lead to the hydrolysis of reserve substances, producing compounds that are transported to
the growing seedlings for their development [6].

Sugar beet (Beta vulgaris subsp. vulgaris) is mainly grown in temperate climates and it is an
important industrial biennial root crop, providing about 20% of the world’s annual sugar production
and representing a source material for bioethanol and animal feed production [7]. Sugar beet seed
health and quality are crucial for adequate plant growth and they are strictly associated with the
productive yield both in terms of quantity and quality of the crop [8]. Unfortunately, the productivity
of sugar beet is often limited by heterogeneous germination in the field, probably due to the presence
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of inhibitory substances in the pericarp of the seed as well as pathogen attacks [9,10]. Moreover,
about 35–40% of the sugar beet seeds need to be discarded before sowing in the field because they are
defective [11]. Finally, after germination, sugar beet seedlings often have to confront different biotic
and abiotic stresses, therefore, rapid germination of sugar beet seeds is crucial for plant development
and overall yield [12,13]. For this purpose, different techniques have been adopted in order to increase
the physiological potential of sugar beet seeds and their treatment may become an indispensable
procedure aiming at the enhancement of the seed vigor and the reduction of the variability in the
germination process. Among these, seed priming with water, salicylic acid, or gibberellic acid
has been shown to promote sugar beet seed germination as well as enhance sugar beet seedling
growth [10]. Szajsner et al. [14] showed that the seed vigor, germination speed, and the germination
time significantly improved by using a magnetic field or a semiconductor laser radiation as pre-sowing
treatments of sugar beet seeds.

An aqueous extract from microalga Acutodesmus dimorphus was successfully used as a seed
primer, improving the germination energy of tomato seeds (cv. Roma) and increasing lateral root
development and extract concentrations [15]. Conversely, other authors found that higher seaweed
extract concentrations have caused inhibition of seed germination [16–18].

Recently, Barone et al. [19] have shown that extracts from microalgae Chlorella vulgaris or
Scenedesmus quadricauda may act as biostimulant in the early stages of sugar beet cultivation, when
added after 5 days to the Hoagland growth solution, by improving root and plant growth and
modulating gene expression related to the nutrient acquisition in sugar beet. Moreover, these extracts
were successfully applied at the root level in the cultivation substrates, showing to exert a biostimulant
effect on tomato and lettuce seedlings [20,21].

Considering that C. vulgaris and S. quadricauda extract have been successfully applied as a
biostimulant to several crops, including sugar beet, the aim of this work was to evaluate whether these
microalgae extracts may also be able to positively affect the germination process as a priming treatment
for sugar beet seed. Moreover, the concentration-dependent effects of microalgal extracts from C.
vulgaris or S. quadricauda were also evaluated. Therefore, seed germination of B. vulgaris was monitored
with the aim to calculate several physiological indices, useful to evaluate the effect of pre-soaking
seeds with the microalgal extracts. In addition, root morphological traits were also evaluated by using
WinRHIZO software in order to evaluate the effectiveness of these priming treatments.

2. Results and Discussions

Several germination indices of sugar beet seeds were calculated and monitored (as detailed in the
Materials and Methods section) in order to evaluate the effect of the treatments and their concentration
dependence, using five amounts of C. vulgaris (CVextr) or S. quadricauda extracts (SQextr).

In all data analysis, a significant effect (p < 0.01) of microalgal extract concentration was observed
on all germination variables of B. vulgaris seedlings. Similarly, all concentration ×microalgal extract
interactions were significant (p < 0.01) for all germination parametric indices. Therefore, the experiments
were always presented for each type of microalgal extract (C. vulgaris or S. quadricauda).

The percentage of sugar beet seed germination (GP) is reported in Figure 1. All the C. vulgaris
extract-based treatments significantly affected the GP values in comparison to the untreated seeds (C0),
3 days after priming (DAP) (Figure 1A). In particular, C2 and C3 C. vulgaris extract concentrations
increased GP values, showing at 3 DAP a significant increase with respect to the control of
2.8 and 3.8 folds, respectively. At the remaining monitoring times, only C2 and C3 C. vulgaris
extract concentrations significantly affected GP values in comparison to the untreated seeds, reaching
the highest values at 4 DAP, when GP values calculated for C2 and C3 were 1.8 and 2 times higher
than those calculated in the control seeds, respectively. The final GP values, calculated 7 DAP, were
1.4 (C2) and 1.5 (C3) times higher than those calculated in the untreated seeds. Conversely, among the
different S. quadricauda extract concentrations, the effectiveness of the treatment was observed only
after 4 DAP (Figure 1B). From 4 to 7 DAP, C2 S. quadricauda extract concentration positively affected
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seed germination, by increasing the GP values of around 1.3 times with respect to the untreated seeds.
Noteworthy also that C3 concentration significantly increased GP value with respect to the untreated
seeds (1.2 folds), limited to 5 DAP (Figure 1B).

Figure 1. Germination percentage (GP) of sugar beet seeds treated with different concentrations of
C. vulgaris (A) or S. quadricauda (B) extracts, for each day after priming (DAP). C0 = 0 mg Corg/L;
C1= 0.1 mg Corg/L; C2 = 1 mg Corg/L; C3 = 2 mg Corg/L; C4 = 5 mg Corg/L; C5 = 10 mg Corg/L. Data
(± standard error bar) are the means of three replicates (each formed by 100 seeds). Columns within
each sampling point followed by the same letters are not significantly different according to Fisher’s
least significant difference test (α = 0.05). The absence of letters above the columns shows the lack of
significant differences.

Results reported in Figure 2 show that at all the monitoring times, mean daily germination (MDG)
values calculated for seeds treated with C2 and C3 C. vulgaris extract concentrations, were always
greater than those calculated for untreated seeds, reaching the highest increase only after 3 DAP
(2.8 and 3.8 times higher than those calculated in control seeds for C2 and C3, respectively) (Figure 2A).
Among S. quadricauda extract concentrations, at all monitoring times except for 3 DAP, the highest
MDG values, if compared to that calculated in untreated seeds, were recorded in seeds treated with C2,
showing always an increase of 1.3 times (Figure 2B).
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Figure 2. Mean daily germination (MDG) of sugar beet seeds treated with different concentrations
of C. vulgaris (A) and S. quadricauda (B) extracts, for each day after priming (DAP). C0 = 0 mg Corg/L;
C1 = 0.1 mg Corg/L; C2 = 1 mg Corg/L; C3 = 2 mg Corg/L; C4 = 5 mg Corg/L; C5 = 10 mg Corg/L. Data
(± standard error bar) are the means of three replicates (each formed by 100 seeds). Columns within
each sampling point followed by the same letters are not significantly different according to Fisher’s
least significant difference test (α = 0.05). The absence of letters above the columns shows the lack of
significant differences.

These results suggest that treatments exerted different effects on GP and MDG values, strictly
related to the microalgae species as well as the extract concentrations. Interestingly, the positive effect
on GP values, mainly observed by using C2 and C3 concentrations of CVextr and C2 concentration of
SQextr, were higher than those obtained by Szajsner et al. [14], who found GP values around 1 fold
higher than controls by treating sugar beet seeds with a magnetic field or laser radiation. Therefore,
these results indicate that these priming treatments, in particular C2 and C3 CVextr, may be a promising
alternative practice aiming to enhance seed germination performance and increase GP and MDG
indices, strictly related to the variability of this important physiological process. Interestingly, the
lower and higher extract concentrations (C1, C4, and C5) do not significantly affect the GP and MDG
germination indices, as these values were always similar to the respective controls. These data are in
accordance with that reported by Santos et al. [22], who found that the application of algae Ascophyllum
nodosum extract-based biostimulants in ornamental sunflower requires an optimal concentration to
increase germination indices. Conversely, an aqueous extract from microalga Acutodesmus dimorphus
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behaved as an effective primer on tomato seeds, at increasing extract concentrations [15]. Indeed,
natural biostimulants may contain various biologically active compounds which may determine
concentration-dependent effects, making crucial the testing of a broad range of concentrations [23].
Moreover, depending on the extract type and concentration applied, natural biostimulants may elicit
different responses in treated plants, being sometimes also potentially phytotoxic [24]. Our data
suggest that the microalgal extracts did not negatively affect the germination process at lower and
higher concentrations, showing no phytotoxic effect, as supported by Ronga et al. [25], who found no
phytotoxicity in an aqueous C. vulgaris microalgal extract on cress.

Interestingly, the two extracts showed an evident divergent effect on germination indices probably
due to the difference in extract compositions [19]. Indeed, the two extracts showed a different
composition in terms of organic carbon distribution (Supplementary Table S1) and element composition
(Supplementary Table S2), as reported in Barone et al. [19]. In particular, the degree of hydrophobicity
for humic substances determined according to Baglieri et al. [26], resulted in being much higher for
CVextr (6.1) than that calculated for SQextr (3.8), showing CVextr to be more apolar than SQextr
(Supplementary Table S1). These data suggest that the different extract compositions in organic
carbon distribution as well as polarity, may be strictly related to the different effect on GP and MDG
germination indices, as confirmed by Piccolo et al. [27], who found a relationship between the structure
of the formulate and its bioactivity in humic substances.

Data reported in Figure 3 show that the two concentrations C3 and C2 of C. vulgaris extract
significantly increased the germination indices (GI) (1.7 and 1.6 times, respectively), germination
energy (GE) (3.8 and 2.8 times, respectively), speed of emergence (SE) (2.4 and 2 times, respectively)
and coefficient of the rate of germination (CRG) (around 1.1 times for both concentrations)
(Figure 3A, B, C and D), if compared to the control; on the other hand, mean germination time
(MGT) and T50 (Figure 3E and F) were significantly reduced (around 1.1 times for both indices and
concentrations). As regards to the T50 index, all the C. vulgaris extract concentrations significantly
reduced the time required for 50% germination (Figure 3F). These findings support the hypothesis that
the treatment with C. vulgaris extract at all the concentrations tested may be a very useful priming
treatment in order to improve seed germination performance, in terms of reduction of the time
required to obtain 50% seed germination. Indeed, it is well known that the higher the GI, GE, SE,
and CRG values, the higher the positive effect on seed germination [28]. In contrast, the lower the
T50 and MGT values with respect to the control, the lower the inhibition on seed germination [28].
As regards the S. quadricauda extract, the concentration effects on germination indices were less evident
and differences among concentrations were not always significant (Figure 3). Nevertheless, the
concentration C2 positively affected GI index (1.4 times) with respect to the control, and the CRG index
values were significantly higher in seeds treated with C3 and C5 concentrations than those calculated
for untreated seeds. Conversely, MGT values were significantly reduced by the treatments with C3
and C5 concentrations (around 1.1 for both amounts of extract). All other germination indices were
not significantly affected by S. quadricauda extract at all the tested concentrations (Figure 3). These data
show that S. quadricauda extract also positively affected seed germination, although to a lesser extent
than C. vulgaris extract. In detail, the calculated GI, GE, and SE values were almost always lower
than those relative to the corresponding concentrations of C. vulgaris, moreover, T50 values were not
positively affected by S. quadricauda extract, showing values always similar to those calculated for
the control (Figure 3F). It is noteworthy to underline that these differences between the two algal
extracts were significant only for the C2, C3, and C4 concentrations with regard to GI, for the C2 and
C3 concentrations with regard to GE and SE indices, for C2 concentration with regard to CRG and
MGT, and for C3 concentration with regard to the T50 index (Figure 3). These results show that CVextr
seems to be more effective than SQextr, with C2 and C3 the optimal concentrations, although a higher
amount of CVextr did not negatively affect seed germination. These findings are supported by Ronga
et al. [25], who found that a two-fold concentration (around 25 mgCorg/L) of an aqueous C. vulgaris
microalgal extract did not show phytotoxicity effect, by measuring the GI index, on a sensitive species
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to phytotoxic compounds such as cress. Interestingly, from a physiological point of view, several
authors [29–32] have reported that the faster emergence in sugar beet showed an enormous influence
on plant characteristics, showing a higher dry matter weight compared to the plants emerging later.
Among these authors, Podlaski et al. [32] demonstrated that the time of emergence was the strongest
factor influencing plant weight in sugar beet during harvest season.

Figure 3. Germination index (GI) (A), germination energy (GE) (B), speed of emergence (SE) (C),
coefficient of the rate of germination (CRG) (D), mean germination time (MGT) (E) and time required
for 50% germination (T50) (F) of sugar beet seeds treated with different concentrations of C. vulgaris
(CV) and S. quadricauda (SQ) extracts. C0 = 0 mg Corg/L; C1 = 0.1 mg Corg/L; C2 = 1 mg Corg/L;
C3 = 2 mg Corg/L; C4 = 5 mg Corg/L; C5 = 10 mg Corg/L. Data (± standard error bar) are the means of
three replicates. The same colored columns representing 5 concentrations of each algal extract followed
by the same letters are not significantly different according to Fisher’s least significant difference
test (α = 0.05). The absence of letters above the columns shows the lack of significant differences.
The presence of an asterisk (*) within each concentration show a significant difference between the two
algal extracts.

Analysis of morphological data provided always a significant effect (p < 0.01) of microalgal
extract concentrations on all morpho-biometric parameters (length, surface area, mean root diameter,
root volume, tips, root 0.000 < L < 0.500 and root 0.500 < L < 1.000) of B. vulgaris seedlings. Since
concentration ×microalgal extract interactions were significant for all parametric variables, the data
were presented for each microalgal extract (Tables 1 and 2).
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Table 1. Performance of different dosages of Chlorella vulgaris extract on different morpho-biometric parameters on Beta vulgaris seedlings. Data derived from two
repeated experiments. Standard error of the means = SEM, n = 4. Means followed by different letters within the column are significantly different according to Fisher’s
least significant difference test (α = 0.05).

Length (cm) Surface Area (cm2)
Mean Root Diameter

(mm) Root Volume (cm3) Tips Number Root Number (0.000 < L < 0.500) Root Number (0.500 < L < 1.000)

5 days 7 days 5 days 7 days 5 days 7 days 5 days 7 days 5 days 7 days 5 days 7 days 5 days 7 days

C0 0.8 ± 0.1 d 3.0 ± 0.2 c 0.2 ± 0.01 e 0.3 ± 0.01 c 0.6 ± 0.01 ab 0.6 ± 0.02 a 0.003 ± 0.0 d 0.01 ± 0.0 ab 1.5 ± 0.07 e 2.9 ± 0.1 e 0.2 ± 0.04 b 1.4 ± 0.1 d 0.6 ± 0.02 c 1.4 ± 0.1 a
C1 2.8 ± 0.2 c 4.5 ± 0.2 b 0.5 ± 0.05 d 0.6 ± 0.05 b 0.6 ± 0.02 b 0.4 ± 0.04 bc 0.01 ± 0.0 c 0.01 ± 0.0 bc 3.0 ± 0.14 d 5.04 ± 0.2 c 3.0 ± 1.1 a 3.2 ± 0.2 bc 1.2 ± 0.2 b 1.2 ± 0.2 a–c
C2 4.7 ± 0.1 a 6.7 ± 0.1 a 0.8 ± 0.01 b 0.9 ± 0.03 a 0.6 ± 0.01 b 0.4 ± 0.02 c 0.01 ± 0.0 ab 0.01 ± 0.0 a 3.7 ± 0.22 c 8.0 ± 0.2 b 2.3 ± 0.6 a 5.3 ± 0.04 a 2.1 ± 0.2 a 1.3 ± 0.06 a–c
C3 5.1 ± 0.1 a 6.4 ± 0.2 a 0.9 ± 0.02 a 0.9 ± 0.01 a 0.6 ± 0.02 b 0.4 ± 0.01 c 0.01 ± 0.0 a 0.01 ± 0.0 a–c 4.6 ± 0.18 a 11.2 ± 0.2 a 2.7 ± 0.4 a 5.3 ± 0.2 a 2.3 ± 0.2 a 1.05 ± 0.1 bc
C4 3.2 ± 0.2 bc 4.2 ± 0.1 b 0.6 ± 0.02 c 0.6 ± 0.01 b 0.6 ± 0.02 a 0.5 ± 0.01 b 0.01 ± 0.0 b 0.01 ± 0.0 a–c 4.3 ± 0.14 ab 4.4 ± 0.1 d 1.7 ± 0.3 ab 2.7 ± 0.2 c 1.2 ± 0.1 b 1.3 ± 0.1 ab
C5 3.5 ± 0.1 b 4.5 ± 0.2 b 0.6 ± 0.02 c 0.6 ± 0.01 b 0.6 ± 0.02 ab 0.4 ± 0.01 c 0.01 ± 0.0 b 0.01 ± 0.0 c 4.1 ± 0.11 bc 5.2 ± 0.2 c 2.5 ± 0.7 a 3.4 ± 0.2 b 1.2 ± 0.1 b 1.0 ± 0.1 c

Table 2. Performance of different dosages of Scenedesmus quadricauda extract on different morpho-biometric parameters on Beta vulgaris seedlings. Data derived from
two repeated experiments. Standard error of the means = SEM, n = 4. Means followed by different letters within the column are significantly different according to
Fisher’s least significant difference test (α = 0.05).

Length (cm) Surface Area (cm2)
Mean Root Diameter

(mm) Root Volume (cm3) Tips Number Root Number (0.000 < L < 0.500) Root Number (0.500 < L < 1.000)

5 days 7 days 5 days 7 days 5 days 7 days 5 days 7 days 5 days 7 days 5 days 7 days 5 days 7 days

C0 0.8 ± 0.1 d 3.0 ± 0.2 d 0.2 ± 0.01 c 0.3 ± 0.01 d 0.6 ± 0.01 b 0.6 ± 0.02 a 0.003 ± 0.0 c 0.01 ± 0.0 ab 1.5 ± 0.07 d 2.9 ± 0.1 b 0.2 ± 0.04 c 1.4 ± 0.1 e 0.6 ± 0.02c 1.4 ± 0.1 bc
C1 2.7 ± 0.1 c 3.9 ± 0.1 c 0.5 ± 0.01 b 0.6 ± 0.03 c 0.6 ± 0.01 b 0.5 ± 0.01 c 0.01 ± 0.0 ab 0.01 ± 0.0 b 2.5 ± 0.11 c 3.1 ± 0.1 b 1.1 ± 0.1 a 2.8 ± 0.1 bc 1.9 ± 0.1a 1.3 ± 0.1 c
C2 5.2 ± 0.3 a 6.2 ± 0.2 a 0.7 ± 0.03 a 0.9 ± 0.03 a 0.7 ± 0.01 ab 0.5 ± 0.01 c 0.01 ± 0.0 bc 0.01 ± 0.0 a 2.8 ± 0.13 c 5.3 ± 0.2 a 0.5 ± 0.2 bc 4.1 ± 0.2 a 1.2 ± 0.4b 1.9 ± 0.1 a
C3 3.5 ± 0.2 b 5.4 ± 0.3 b 0.7 ± 0.04 a 0.9 ± 0.01 a 0.6 ± 0.04 b 0.5 ± 0.02 c 0.01 ± 0.0 a 0.01 ± 0.0 a 3.4 ± 0.14 b 5.0 ± 0.2 a 1.2 ± 0.3 a 3.3 ± 0.2 b 2.1 ± 0.1a 1.8 ± 0.1 a
C4 2.9 ± 0.04 c 3.6 ± 0.2 c 0.5 ± 0.02 b 0.7 ± 0.02 b 0.7 ± 0.02 b 0.6 ± 0.04 ab 0.01 ± 0.0 a 0.01 ± 0.0 ab 4.0 ± 0.12 a 4.7 ± 0.2 a 1.0 ± 0.2 ab 1.9 ± 0.2 de 2.1 ± 0.1a 1.6 ± 0.04 a–c
C5 2.6 ± 0.1 c 3.9 ± 0.1 c 0.5 ± 0.01 b 0.7 ± 0.01 b 0.8 ± 0.06 a 0.5 ± 0.3 bc 0.01 ± 0.0 a 0.01 ± 0.0 ab 2.6 ± 0.3 c 5.1 ± 0.4 a 0.6 ± 0.1 bc 2.5 ± 0.2 cd 1.8 ± 0.1 a 1.8 ± 0.3 ab



Plants 2020, 9, 675 8 of 14

The positive effect of C2 and C3 C. vulgaris extract concentrations were also confirmed by
morphological parameters (Table 1). In particular, all C. vulgaris extract concentrations significantly
increased all root morphological parameters, both after 5 and 7 DAP, being the C2 and C3 CVextr the
highest values, in comparison to the control (Table 1). The positive effect of C2 and C3 C. vulgaris
extract concentrations were also observed at the root volume level, whereas mean root diameter values
were unaffected or reduced by the treatments (Table 1). Similarly, all root morphological traits were
positively affected by S. quadricauda extracts too (Table 2), although to a lesser extent than C. vulgaris.
Noteworthy, the highest values of morpho-biometric parameters were reached using C2 and C3
S. quadricauda extract concentrations, whereas each amount of the SQextr did not positively affect the
mean root diameter (Table 2), as it was already observed using C. vulgaris extract (Table 1). These
results are in accordance with Barone et al. [19], who found that by applying to the hydroponic solution
1 and 2 mg Corg/L of the two microalgal extracts (C. vulgaris or S. quadricauda), root apparatus of
sugar beet seedlings was positively affected by increasing total root length, root surface area, and
the number of root tips, whereas the average diameter and the volume of roots were not affected by
the treatments. The effect on root morphology may be related to the degree of hydrophobicity of
extracts (Supplementary Table S1), the latter being closely related to the increase of root growth [27].
C. vulgaris extract showed a degree of hydrophobicity value (6.1) greater than those observed for humic
substances of a different origin, ranging between 0.61 and 4.75 [33], whereas S. quadricauda extract
showed an intermediate value (3.8). In particular, methoxilic groups, aryl groups, and carboxylic
acids seem to be involved in the bioactivity of natural biostimulant substances, and often related to
hormone-like compounds [27]. Therefore, both extracts, on the basis of their characterization, seem to
be perfectly compatible with the effect observed on the morphological traits in sugar beet roots [34].
Moreover, the performances obtained in the present study seem to be higher than those obtained by
Szajsner et al. [14], who treated sugar beet seeds with a magnetic field or laser radiation. In particular,
Szajsner et al. [14] achieved an increase of the seedling length of 1.5 times with respect to the control
after 4 days from the pre-sowing treatments, whereas the treatment with C3 C. vulgaris extract, induced
an increase of the seedling length of around 6 times with respect to the untreated seeds at 5 days after
priming treatment (Table 1).

Finally, SVI values were also calculated both at 5 and 7 days after priming treatments (Figure 4).
All CVextr treatments positively affected SVI values, in accordance with other calculated germination
indices. In particular, the C3 C. vulgaris extract resulted in being the most performant treatment,
determining an increase of seedling vigor index (SVI) of around 9 and 3 times higher than the controls
after 5 and 7 days, respectively. As regards to S. quadricauda extract, C2 induced the greatest increase of
8 and 3 times higher than the controls after 5 and 7 days, respectively (Figure 4). These results suggest
that the use of these microalgae extract as priming treatment, may be a good alternative to other
priming methods adopted for sugar beet, according to Islam et al. [28], who observed that the higher
the seedling vigor index (SVI) value, the higher the positive effect on seed germination. Moreover,
in accordance with Ugena et al. [35], pre-sowing treatment with different biostimulant compounds,
aiming to increase the vigor of seedlings, represents an innovative alternative to cope with different
kinds of stresses. Comprehensively, all these results taken together suggest that best results, in terms of
the germination process as well as root morphological traits, were reached by using the concentrations
C2 and C3 of C. vulgaris extract, showing that this microalgal extract, besides exerting a biostimulant
effect when added to the growth medium of sugar beet seedlings [19], may also be used as a priming
method positively affecting the sugar beet seed germination.
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Figure 4. Seedling vigor index (SVI) after 5 and 7 days of sugar beet treated with different concentrations
of C. vulgaris (A) and S. quadricauda (B) extracts. C0 = 0 mg Corg/L; C1 = 0.1 mg Corg/L; C2 = 1 mg Corg/L;
C3 = 2 mg Corg/L; C4 = 5 mg Corg/L; C5 = 10 mg Corg/L. Data (± standard error bar) are the means of
three replicates. The same colored columns representing 5 concentrations of each algal extract followed
by the same letters are not significantly different according to Fisher’s least significant difference test
(α = 0.05). The presence of an asterisk (*) within each concentration indicates a significant difference
between the two algal extracts.

3. Materials and Methods

3.1. Microalgae Cultivation and Extract Preparation

The microalgae used in this study were C. vulgaris (Beijerinck, CCAP 211/11C) and S. quadricauda
(isolated from an algal company raceway pond, located in Borculo, Gelderland, the Netherlands in 2011).
They were obtained by and maintained in the algal collection of the Department of Agriculture, Food
and Environment (Di3A) (University of Catania, Italy) as described in Baglieri et al. [36]. Microalgal
growth was conducted in 250 mL flask containing 150 mL of sterile BG11 culture medium [37] at
pH 8.4, incubated on a mechanical shaker (100 rpm) at 25–30 ◦C, illuminated by a 3500-lx, average
photon flux (PPF) 100 µmol photons m−2 s−1 light source (PHILIPS SON-T AGRO 400) with a 12 h
photoperiod for 30 days in a growth chamber and aerated by pumps with 20 L h–1 1.5% CO2 [38].
Microalgal biomasses were harvested by centrifugation (at 5000 rpm for 15 min), washed with distilled
water (up conductivity < 200 µS cm−1), and freeze-dried as described in Puglisi et al. [39].
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Microalgal extract stock solutions (referred to as CVextr and SQextr) were prepared as described
in Barone et al. [19]. Briefly, microalgae cells were collected and centrifuged at 5000 rpm for 15 min and
the final pellets obtained from each microalgal biomass were added to methanol to lyse the cell wall in
order to obtain the intracellular extracts. After centrifugation and evaporation of the organic solvent,
the extracts were freeze-dried and collected with distilled water to obtain the microalgal extract stock
solution. The complete characterization of extracts was reported in Barone et al. [19].

3.2. Plant Material and Experimental Conditions

The sugar beet variety used in this study is the hybrid “Shannon” provided by the Department
of Agronomy, Food, Natural Resources, Animals and Environment (DAFNAE) of the University
of Padova (Italy) [40]. Seeds were soaked in 76% ethanol for 5 min, rinsed with sterilized water,
and placed on distilled water moistened filter paper. The treatments were performed by diluting
different amounts of microalgal extracts in distilled water, used to moisten the filter paper. For each
microalgal extract, five different concentrations were tested and they were calculated on the basis of
the extract organic carbon (Corg) content: C1 = 0,1 mg Corg/L; C2 = 1 mg Corg/L; C3 = 2 mg Corg/L;
C4 = 5 mg Corg/L; C5 = 10 mg Corg/L. Control samples using untreated seeds (C0 = 0 mg Corg/L) were
routinely performed. Germination was carried out in a growth chamber in the dark at 25 ◦C. Sugar beet
seeds were considered germinated when a radicle of at least 2 mm emerged. The germinated seeds
were counted and monitored daily for 7 days, after this time no germination, even of those not yet
germinated, was detected. The experimental procedure was repeated twice in a complete randomized
block design and for each treatment, four replicates consisting of 100 seeds were tested according to
the methods of the International Rules for Seed Testing [41,42].

3.3. Germination Indices

In order to evaluate the effect of microalgal extract treatments, several germination indices were
calculated as detailed below.

The germination percentage (GP) was calculated for each treatment as a percentage of total
germinated seeds after 3, 4, 5, and 7 days after priming (DAP):

GP = (number of germinated seeds/number of total seeds for bioassay) × 100 (1)

The mean daily germination (MDG), representing the mean number of seeds germinated per day,
was calculated at 3, 4, 5, and 7 DAP [43]:

MDG = GP/t (2)

where GP is the germination percentage, and t is the number of DAP.
The germination index (GI), also known as mean germination rate or rate of Maguire [44], is a

measure assigning the maximum arithmetic weight to seeds that germinate at the first days of count
and less weight to those germinating later. GI was calculated as follows:

GI = [number of germinated seeds/days of first count] + . . .
+[number of germinated seeds/days of final count]

(3)

The mean germination time (MGT) was calculated according to Soltani et al. [45] as follows:

MGT =
∑

(n, t)/
∑

n (4)

where n is the number of newly germinated seeds at time t.
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The germination energy (GE) was calculated according to Ruan et al. [46] as follows:

GE = (Percentage of germinated seeds at the starting day of germination / Total
number of seeds sets for bioassay) × 100.

(5)

The speed of emergence (SE), was calculated according to Islam et al. [28] as follows:

SE = (Number of germinated seeds at the starting day of germination / Number of
germinated seeds at the final days of measurement) × 100.

(6)

The coefficient of the rate of germination (CRG) was calculated according to Chiapusio et al. [47]
as follows:

CRG = [(N1 + N2 + . . .+ Nn)/(N1 × T1) + (N2 × T2) + . . .+ (Nn × Tn)] × 100 (7)

where N1, N2, . . . , Nn are the number of germinated seeds on time T1, T2, . . . , Tn.
The time required for 50% germination (T50), was calculated according to Coolbear et al. [48] as

follows:
T50 = ti +

[
((N/2) − ni) ×

(
ti − tj

)]
/(ni − nj) (8)

where N is the final number of germinated seeds, ni and nj the cumulative numbers of seeds germinated
by adjacent counts at times ti and tj.

Finally, the seedling vigor index (SVI) was calculated at 5 and 7 DAP, according to
Noorhossein et al. [43] as follows:

SVI = GP × seedling length. (9)

3.4. Root Morphological Analysis

Root morphological analysis was performed by using WinRHIZO software (Regent Instruments)
and total root length, root surface area, mean root diameter, root volume, total number of root tips,
lateral root (0.000 < L < 0.500 and 0.500 < L < 1.000) were determined by computerized scanning
(STD 1600, Regent Instruments, Canada) at 5 and 7 days from sowing [49].

3.5. Statistical Analysis

Data on performances of microalgal extracts from the repeated experiment were analyzed by
using the Statistica package software (version 10; Statsoft Inc., Tulsa, OK, USA). The arithmetic means
of parameters were calculated, by averaging the values determined for the single replicates of each
treatment. Percentage data were transformed into the arcsine (sin−1 square root x) prior to the analysis
of variance (ANOVA). Initial analyses were performed by calculating associated F and P values to
evaluate whether the effects of a single factor (concentration) and microalga× concentration interactions
were significant. In the post-hoc analysis, the corresponding mean values of all parameters were
subsequently separated by Fisher’s least significant difference test (p = 0.05). Untransformed arithmetic
means of parameters are presented in the figures and tables.

4. Conclusions

This study leads us to employ microalgae extracts as a priming agent in order to improve the
germination process of an important industrial crop such as sugar beet. The novelty of this work
consists of the successful application of C. vulgaris and S. quadricauda as pre-sowing treatments, resulting
in the first work in which microalgae extracts are employed as a priming method for sugar beet
seed germination. Microalgae extracts, especially C. vulgaris, was found to improve all calculated
germination indices, the root traits as well as the seedling vigor of sugar beet, putatively promoting the
further nutrient acquisition and plant growth. Among the tested extract concentrations, 1 mg Corg/L
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and 2 mg Corg/L of C. vulgaris extract revealed to be the best priming treatments, exerting a positive
effect both on the germination process and morphological traits of sugar beet seedlings. Although
further investigations should be performed, based on our findings, C. vulgaris extract may represent a
promising practice to increase the physiological potential of sugar beet seeds.

Supplementary Materials: The following are available online at http://www.mdpi.com/2223-7747/9/6/675/s1,
Table S1: Distribution of C intensity of 13C NMR (%) of Chlorella vulgaris (CVextr) and Scenedesmus quadricauda
(SQextr) extracts; Table S2: Element composition (%) of Chlorella vulgaris (CVextr) and Scenedesmus quadricauda
(SQextr) extracts.
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