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ABSTRACT
This study aims to elucidate whether sulfur can inhibit citrus pollination by affecting
pollen grains. For this, four sulfur-based products (inorganic sulfur, water dispersible
granular sulfur, ammonium sulfate, copper sulfate) were tested to evaluate their effect
on pollen germination and pollen tube growth of two citrus varieties: Clemenules
mandarin (Citrus clementina) and Nova tangelo (Citrus clementina x [Citrus paradisi
x Citrus reticulata]). Pollen grains were extracted from the flowers of these two
varieties and subsequently placed in Petri dishes with modified BK (boron and
potassium) germination medium with six concentrations of the sulfur-based
products (0.2, 2, 20, 200, 2,000, 20,000 mg l−1). All the dishes were incubated and the
pollen germination rate was calculated. All the sulfur products showed progressive
pollen germination inhibition with a rising sulfur concentration. CTC50 (50%
cytotoxicity inhibition) was around 20 mg l−1, with significant differences among
treatments. Total pollen germination inhibition took place at 20,000 mg l−1. These
results demonstrate that sulfur application can affect citrus pollination.
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INTRODUCTION
Citrus varieties show diverse botanical and physiological characteristics. Some varieties
present self-pollination or cross-pollination that results in ovule fertilization and seed
formation (Mesejo et al., 2013). Conversely as several varieties are self-incompatible, they
do not have self-fertilization. In these cases, fruit are parthenocarpic and the seeds that
appear in them are due to crosses with pollen from other compatible varieties (Gambetta
et al., 2013). Several studies indicated that ovule fertilization with pollen and subsequent
seed formation was directly related to variety’s yield. Chao (2005) reported how citrus
varieties with cross-pollination and seed formation had larger fruit than seedless varieties.
Self-incompatibility and parthenocarpy were related with lower yields because seeds were
absent (Yamamoto, Kubo & Tominaga, 2006).

In some cases, obtaining seedless varieties has been a sought-after character to increase
the commercial value of fruit. In any case, it should be taken into account that limitation of
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fertilization or alteration of natural pollination can lead to the opposite situation: loss of
both fruit size and yield. Likewise, studies on pollen tube kinetics are essential because
flower fertilization and appearance of seeds depend on it (Mesejo et al., 2007). The effect
that several natural or synthetic chemical compounds can have on the entire pollination
and fertilization process is very important for its implications on production. Sometimes
the effect of some products on the ovule or pollen-bearing vehicles has been tested rather
than on pollen itself. Most of the studies carried out to date have focused on the effect that
pesticides might have on pollination (Richards, 2001). Some studies have been done on
other substances. Garmendia et al. (2019) observed that some insect repellents had no
effect on the cross-fertilization of the ‘Nadorcott’ mandarin and did not, therefore, avoid
ovule fertilization and seed formation.

It is well-known that gamma ray irradiation, used to obtain seedless citrus varieties,
alters the germination and characteristics of pollen (Bermejo, Pardo & Cano, 2011). This
contrasts with the lack of information about the effect that other agricultural practices may
have on pollen tube growth and pollen germination. Indeed, very few studies are available
on the effect that various substances might have on the pollen fertilization and seed
formation of some citrus varieties. An inhibitory effect on pollen tube growth and pollen
germination in ‘Nadorcott’ mandarins after applying copper sulfate was observed (Mesejo
et al., 2006). This reduction in pollen germination produced fewer seeds. Instead, a similar
study conducted in Uruguay also with ‘Nadorcott’ mandarin pointed out a minor
reduction in pollen tube growth after applying copper sulfate and gibberellic acid
(Gambetta et al., 2013). In this experiment, pollen tubes almost reached their normal
length and less seed reduction took place. Both experiments were carried out in vivo under
field conditions, where other factors may have had an influence, which could explain the
apparent contradiction in the results. In addition, these works did not clearly indicate if the
potential effect of this substance was due to copper or to sulfur. In a recent study
conducted on ‘Nadorcott’ mandarin flowers, sulfur was found to inhibit pollen tube
growth through stigma tissue (Garmendia et al., 2022a). These observations made us
wonder about the mechanism by which sulfur reduces the number of seeds. It would also
be very interesting to know if sulfur affects the tissues and exudate of the stigma or if it
alters the germination of pollen grains. A study in vitro of how the pollen of citrus varieties
compatible with ‘Nadorcott’mandarin behaves would help us understand this mechanism.
On the other hand, for citrus growers it is important to know the effect of certain
substances that could potentially prevent or hinder pollen germination, especially with
substances frequently used in agricultural practices. The use of sulfur in soil fertilization
has increased in recent years (Lucheta & Lambais, 2012). According to some of the
above-cited studies, the effect of some sulfur-based products on pollination has been
tested, but information is still scarce, and some questions arise that should be answered. So,
the effects that have been observed in the germination of these citrus varieties does occur in
the female part (stigma) or in the male part (pollen)? What is the chemical form of sulfur
in which these effects are best observed? This last question is interesting because in some of
the references found sulfur was used in the form of inorganic sulfate, but in others it was in
another inorganic form. The present work is a continuation of the study performed by
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Garmendia et al. (2022a), and the purpose is to try to answer the questions posed before.
Therefore, we proposed an in vitro study to find out if sulfur is capable to inhibit pollen
germination, which would help explain the results obtained in that study. For this reason,
this study will be carried out with pollen of mandarin varieties compatible with
‘Nadorcott’, since this is the type of pollen that we found in the stigma of ‘Nadorcott’
flowers and which is capable of fertilizing the ovary and producing seeds. Different
products in which sulfur can be found in inorganic form and in inorganic sulfate form will
be tested to find out which of them is more effective.

MATERIALS AND METHODS
Plant material
Fresh pollen from two citrus varieties compatible with ‘Nadorcott’ mandarin, Clemenules
mandarin (Citrus clementina hort.) and Nova tangelo (Citrus clementina hort. x [Citrus
paradisi Macfad. x Citrus reticulata Blanco]), was used for the experiments. Flowers were
collected from March to April 2017. Sampling was performed early in the morning with
flowers at anthesis. The sampled flowers were stored in a refrigerator (4 �C) being
processed before 24 h to avoid loss of viability.

Flowers came from adult trees growing in a commercial orchard located in Montserrat
(Valencia Province, Spain; Latitude: N 39.359629, Longitude: E-0.547494, Altitude:
153 m). The site’s climate is Mediterranean with an average temperature of 16.8 �C and
average rainfall of 432 mm.

Treatments
The sampled flowers were left inside a humid chamber (4 �C, 2 h) for prehydration before
extracting pollen (Mesejo et al., 2006). A modified (boron + potassium) BK medium was
prepared to induce pollen germination (Beltrán et al., 2020). It contained 100 g l−1 sucrose,
0.1 g l−1 H3BO3, 0.3 g l−1 Ca(NO3)2, 0.1 g l−1 KNO3 and 10 g l−1 agarose. All ingredients
were mixed and autoclaved at 120 �C for 1 h. Subsequently, the medium was dropped into
90-mm Petri dishes (5 ml of medium per dish) using a flow cabinet to avoid
contamination. This BK medium was the positive control, in which pollen should
germinate normally. In addition, four treatments consisting of sulfur-based products in
which we can find sulfur in two chemical forms were tested: inorganic sulfur (IS); water
dispersible granular sulfur (GS); ammonium sulfate (NS); copper sulfate (CS). BK medium
was the base of these treatments, to which each of these substances was added. These
treatments were prepared in the same way as the previous one, using an autoclave and a
flow cabinet to ensure sterility. Six progressively descending dilutions were performed for
these four treatments. In the case of IS, dilutions started from 20,000 mg l-1 and went to
0.2 mg l−1. Also, a surfactant (Tween©) was added to improve its dissolution. For the other
sulfur-based products, the equivalent weight of sulfur in the initial dilution needed to
obtain 20,000 mg l−1 was calculated (25,000 mg of GS, 125,000 mg of NS, 90,000 mg of CS).
Then successive dilutions were carried out until the last dilution of 0.2 mg l−1. All plates
were stored in a refrigerator prior to use.
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Germination and measures
Pollen grains were extracted from the anthers of both citrus varieties using a stereo
microscope (Optika, Bergamo, Italy, 4× magnification). They were placed in the Petri
dishes containing the corresponding treatment. These steps were performed in a flow
cabinet to avoid contamination by spores, which could distort the results and make their
evaluation more difficult. Dishes were left in an incubator for 72 h in the dark at 25 �C for
germination purposes (Beltrán et al., 2019). Five dishes per treatment and concentration
were sown per citrus variety. Evaluation was carried out 4 days after every sowing.
An optical microscope (Leica, Wetzlar, Germany, 40× magnification) was used to observe
the pollen grains and its pollen tube. In each dish, 100 pollen grains were randomly
searched to check if they were germinated or not. Pollen was considered germinated when
pollen tube length exceeded the diameter of its pollen grain (Fig. 1). The pollen
germination percentage (PPG) of each treatment and dilution was calculated as the mean
percentage of pollen germination in all the repetitions. The inhibition effect of treatments
on pollen germination was calculated by comparing the germination treatment with the
positive control germination from the same repetition. The response model of the different
treatments carried out in Clemenules and Nova on the pollen germination rate was
calculated by plotting a curve for each tested product adjusted to the pollen germination
rates per dose. Finally, the estimated CTC50 parameter (effective dose in mg l−1 for 50%
pollen germination inhibition) was calculated. The whole experiment was repeated three
times, which totaled 720 sown dishes.

Statistical analyses
The mean, standard error and skew of PPG values were calculated. ANOVA and Tukey
post hoc tests were used to compare the values between treatments and concentrations.
In some cases, due to the lack of normality, nonparametric methods were used to compare
among treatments and concentrations by a Kruskal–Wallis test with Holm correction in
the post hoc test. Levene’s test and eta-squared statistics were calculated if significant

Figure 1 Pollen grains of Nova citrus variety. The arrow indicates a germinated pollen grain, whose
pollen tube exceeds several times the diameter of the pollen grain.

Full-size DOI: 10.7717/peerj.14775/fig-1
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differences were found. The analyses, tables and figures were created in R language (R Core
Team, 2017) using RStudio gui (RStudio Team, 2016). Other employed packages were
“agricolae” (Mendiburu, 2019) for the post hoc tests and “ggplot2” (Wickham, 2020) for
graphics. For the estimation of the CTC50 and the elaboration of its related figures, “drc”
package was used (Ritz et al., 2015).

RESULTS
Both varieties showed a lower PPG as the sulfur concentration increased (Fig. 2).
The boxplots for Clemenules mandarin and Nova tangelo highlight that no significant
differences were observed by applying the different chemical form of all S-compounds, at
parity of dose. These results indicated that dose is more important than that of the

Figure 2 Effect of sulfur treatments on the pollen germination rate for the six tested concentrations
with Nova and Clemenules citrus varieties. Boxes show the 25th and the 75th percentiles. Lines in the
boxes show the median values. The whiskers indicate the maximum and the minimum values. The gray
circles are the outlayers. Treatments: BK, positive control; CS, copper sulfate; NS, ammonium sulfate;
IS, inorganic sulfur; GS, water dispersible granular sulfur. Full-size DOI: 10.7717/peerj.14775/fig-2
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chemical form. For Clemenules, the treatments with the lowest sulfur concentration (0.2
mg l−1) showed the highest PPG (ranging from 47.57% for GS to 60.56% for IS). For this
concentration there were no significant differences with the positive control (BK
treatment, 52.09 ± 2.57%). The lowest PPGs (close to zero) were obtained for the
treatments with the highest sulfur concentrations (2,000 and 20,000 mg l−1), which showed
a large significant difference with the positive control (Table 1).

Similarly for Nova, the treatments with the lowest sulfur concentration (0.2 mg l−1)
obtained the highest PPG, which ranged from 41.14% for GS to 54.69% for IS. The positive
control obtained a lower PPG (30.65 ± 4.87%, Table 2). The treatments with 20,000 mg l−1

of sulfur did not show pollen germination (Table 2). The highest PPGs for Clemenules
were registered for IS and NS at 0.2 mg l−1 (lowest sulfur concentration), respectively
(60.56% and 52.76%) and, in this case, the germination rate of the positive control was
similar to these (52.09%). The germination rates lowered for the sulfur treatments as the
sulfur concentration rose. IS was the most effective product because total germination

Table 1 Statistics of pollen germination percentages on Clemenules citrus variety.

Treatment Concentration Mean SD se

BK 0 52.10 9.94 2.57

CS 0.2 47.70 11.81 5.28

CS 2 43.40 12.62 3.26

CS 20 33.27 21.29 5.50

CS 200 4.33 7.41 1.91

CS 2,000 0.00 0.00 0.00

CS 20,000 0.14 0.43 0.14

NS 0.2 52.76 5.57 2.49

NS 2 42.57 12.34 3.19

NS 20 38.78 21.07 5.63

NS 200 17.27 20.24 5.23

NS 2,000 0.52 1.08 0.28

NS 20,000 0.67 1.64 0.52

IS 0.2 60.56 9.67 4.83

IS 2 37.82 12.53 3.24

IS 20 18.38 7.69 1.99

IS 200 1.04 2.51 0.65

IS 2,000 0.00 0.00 0.00

IS 20,000 0.00 0.00 0.00

GS 0.2 47.57 17.15 7.67

GS 2 39.41 14.28 3.69

GS 20 28.56 15.05 3.89

GS 200 2.58 15.89 4.10

GS 2,000 1.02 2.75 0.71

GS 20,000 0.15 0.44 0.14

Note:
Treatments: CS, copper sulfate; NS, ammonium sulfate; IS, inorganic sulfur; GS, water dispersible granular sulfur.
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inhibition was achieved at the 200 mg l−1 concentration. The highest PPGs for Nova were
also achieved for treatments CS and IS at the lowest concentration (0.2 mg l−1) with 53.17%
and 54.69%, respectively. The positive control (BK germination medium only) reached
30.65% of germinated pollen grains, with a higher standard deviation. In all the sulfur
treatments, the highest percentage of germinated pollen grains was observed for the lowest
concentration (0.2 mg l−1). The lowest PPG was achieved for the highest sulfur
concentration (20,000 mg l−1) because pollen germination inhibition was total in all these
cases.

On the other hand, the dose-response curves for the treatment comparison showed a
similar trend for all the treatments at each sulfur concentration (Figs. 3 and 4). Therefore,
the response depended more on the total sulfur concentration than on the way in which IS
is applied as GS, NS or CS, as mentioned above. The dose-response curves for Nova
tangelo showed similar trends in the four sulfur treatments (Fig. 4), whereas greater

Table 2 Statistics of pollen germination percentages on Nova citrus variety.

Treatment Concentration Mean SD Se

BK 0 30.65 21.80 4.87

CS 0.2 53.17 8.51 3.81

CS 2 30.15 9.89 2.55

CS 20 15.06 5.96 1.54

CS 200 3.63 4.44 1.15

CS 2,000 0.45 1.27 0.33

CS 20,000 0.00 0.00 0.00

NS 0.2 47.17 3.16 1.41

NS 2 35.81 14.91 3.99

NS 20 21.30 12.23 3.16

NS 200 7.44 8.01 2.07

NS 2,000 0.59 1.26 0.32

NS 20,000 0.00 0.00 0.00

IS 0.2 54.69 4.08 1.82

IS 2 30.15 14.33 3.70

IS 20 12.82 10.20 2.63

IS 200 1.13 1.80 0.47

IS 2,000 0.15 0.57 0.15

IS 20,000 0.00 0.00 0.00

GS 0.2 41.14 6.94 3.11

GS 2 29.88 13.96 3.60

GS 20 15.77 7.94 2.05

GS 200 3.84 6.08 1.57

GS 2,000 1.61 2.16 0.56

GS 20,000 0.00 0.00 0.00

Note:
Treatments: CS, copper sulfate; NS, ammonium sulfate; IS, inorganic sulfur; GS, water dispersible granular sulfur.
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differences were observed for Clemenules mandarin (Fig. 3). However, for both varieties,
the NS treatment was the least effective and the IS treatment was the most effective.

Regarding the inhibition effect, over 96% inhibition was achieved for the treatments
with 2,000 and 20,000 mg l−1 of sulfur (Table 3). Inhibition was around 50% in the
treatments with 20 mg l−1 of sulfur (SM1). In Clemenules, differences in treatments were
clearly observed when the curve model was considered for the pollen germination rate per
applied dose (Fig. 3). The treatments showing the most evident effects were IS, the most
toxic, and NS, the least toxic, in both tested varieties. The results obtained for Nova were
similar (Fig. 4), for which the most toxic treatment was IS and the least toxic one was NS.

Figure 3 Comparison of the dose-response treatments for the Clemenules citrus variety. Each point
represents the mean value for every treatment and concentration. The red line represents the model for
all the treatments together. Treatments: BK, positive control; CS, copper sulfate; NS, ammonium sulfate;
IS, inorganic sulfur; GS, water dispersible granular sulfur. Full-size DOI: 10.7717/peerj.14775/fig-3

Figure 4 Comparison of the dose-response treatments for the Nova citrus variety. Each point
represents the mean value for every treatment and concentration. The red line represents the model for
all the treatments together. Treatments: BK, positive control; CS, copper sulfate; NS, ammonium sulfate;
IS, inorganic sulfur; GS, water dispersible granular sulfur. Full-size DOI: 10.7717/peerj.14775/fig-4
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In more detail, the sulfur dose that had an exact inhibition effect on 50% of the
population (CTC50, median effective dose) was calculated for each variety and treatment.
For Clemenules, CTC50 ranged from 11.5 mg l−1 for IS to 85.5 mg l−1 for NS with
significant differences between them (Fig. 5), For Nova, CTC50 ranged from 5.5 mg l−1 for
IS to 23.7 mg l−1 for NS, also with significant differences between them (Fig. 6). The CTC50
in all the tested sulfur-based products was around 20 mg l−1. All this indicates a cumulative
toxic effect of sulfur regardless of the type of sulfur-based product used, which increased as
the sulfur concentration rose. In any case, wide variability was found in the NS results for
both varieties. No significant differences were observed between CS and the treatments
with the highest CTC50 and the lowest CTC50 for any variety. Finally, only in the case of
Clemenules GS took an intermediate position between IS and NS.

DISCUSSION
Clear inhibition of pollen tube germination was observed in all the tested sulfur-based
treatments (IS, GS, NS and CS). There were no significant differences between treatments,
although the inhibition effect observed for inorganic sulfur was greater than that for the
other products. The effect of sulfur on the inhibition of pollen germination of Clemenules
mandarin and Nova tangelo depends on the dose, and not in the way in which this element
has been formulated. To the best of our knowledge, no previous studies report the effect of
inorganic sulfur on pollen germination. However, several studies indicate the effect of
atmospheric sulfur dioxide on pollen. Pollen germination inhibition by sulfur dioxide is
demonstrated in a study performed on Pinus syvestris L. in Poland (Mejnartowicz &
Lewandowski, 1985). Other forest trees like Populus also show loss of fertility and less
pollen tube growth after sulfur dioxide application (Venne, Scholz & Vornweg, 1989).
Several of these papers also talk about the importance of the dose to correctly observe the
effect. Specifically, Ouyang et al. (2016) studied the effect of sulfur dioxide at different
doses on oak pollen, pointing out that low doses can cause deformations in the pollen
grains while higher doses would cause the total degradation of the pollen. No references
were found about sulfur dioxide affecting the pollen of Citrus species, although the effect of

Table 3 Inhibition percentage of pollen germination on Clemenules and Nova citrus varieties in
relation to the control for the four sulfur-based products and the six tested concentrations.

Variety Treatment 0.2 2 20 200 2000 20000

Clemenules CS −4.01 13.87 36.44 92.69 100.00 99.79

Clemenules NS −16.01 16.58 25.50 69.34 98.88 98.93

Clemenules IS −34.73 23.92 62.12 98.19 100.00 100.00

Clemenules GS −7.76 20.01 40.28 73.59 98.22 99.77

Nova CS 12.26 21.95 60.62 92.37 99.16 100.00

Nova NS 20.58 9.82 48.92 78.04 98.65 100.00

Nova IS 8.46 23.47 66.13 96.06 99.74 100.00

Nova GS 31.69 21.09 54.26 87.92 96.29 100.00

Note:
Treatments: CS, copper sulfate; NS, ammonium sulfate; IS, inorganic sulfur; GS, water dispersible granular sulfur.
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Figure 5 Estimated CTC50 (median effective dose) parameter for the different treatments in the
Clemenules citrus variety with the Weibull-I model and three parameters. The center point is the
estimation of the CTC50 value, and the error bars represent the 95% confidence interval. Treatments: BK,
positive control; CS, copper sulfate; NS, ammonium sulfate; IS, inorganic sulfur; GS, water dispersible
granular sulfur. Full-size DOI: 10.7717/peerj.14775/fig-5

Figure 6 Estimated CTC50 (median effective dose) parameter for the different treatments in the
Nova citrus variety with the Weibull-I model and three parameters. The center point is the estima-
tion of the CTC50 value, and the error bars represent the 95% confidence interval. Treatments: BK,
positive control; CS, copper sulfate; NS, ammonium sulfate; IS, inorganic sulfur; GS, water dispersible
granular sulfur. Full-size DOI: 10.7717/peerj.14775/fig-6
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this substance on the inhibition of pollen of other cultivated trees like apple has been
reported (Munzuroglu, Obek & Geckil, 2003).

On the studied inorganic sulfates, we have no prior knowledge about the effect of NS,
but there are several studies on CS.Mesejo et al. (2006) stated that the CS concentration of
25 mg l−1 is capable of partially affecting the pollen of ‘Fortune’ mandarins by inhibiting
pollen germination during in vitro tests. The above-cited study indicates that in vivo CS
application to ‘Clemenules’ and ‘Afourer’ mandarin flowers avoids fertilization and seed
formation. These results agree with the result observed in the present study because a CS
concentration over 200 mg l−1 inhibited the germination of more than 90% of pollen grains
compared to the control. Gambetta et al. (2013) performed a study in Uruguay on
‘Afourer’ mandarins and verified that applying CS at a rate of 125 mg l−1 did not
appreciably decrease the number of seeds per fruit, which revealed that total pollen
germination inhibition did not occur. In these two previous studies, the authors attributed
possible pollen germination inhibition to the action of copper rather than to sulfur.
However, our study suggested that partial pollen germination inhibition was caused
mainly by sulfur and not by copper.

Many references appear in which several compounds with sulfur, employed as a
common chemical element, had a clear effect on pollen germination, while very little
evidence for copper is available. Only a slight effect on pollen germination and pollen tube
growth has been observed in quince (Cydonia oblonga L.) and plum (Prunus domestica L.)
after applying copper chloride, while more powerful pollen germination inhibition has
been found for other heavy metals, such as cadmium or mercury (Topdemir & Gür, 2005).
In a study conducted in an area with mining activity, some pollen alterations in wild plant
species have been noted, but without specifying if this was due to the accumulation of iron,
copper or other metals (Yousefi et al., 2011). The results herein obtained suggest that sulfur
is the active element because all the sulfur-based treatments significantly reduced the
pollen germination of the Clemenules and Nova varieties.

There are no references about the effect of IS applications on anthers or pollen grains of
Citrus species, although some similar studies for other crops can be found. An experiment
was carried out on apple (Malus domestica L.) by applying liquid lime sulfur at a rate of
20,000 mg l−1 combined with fish oil. The authors observed total pollen tube growth
inhibition in the style when lime sulfur was applied 4 or 24 h after pollination (Yoder et al.,
2009). Evidence for a generic effect of sulfur acting on the pollen germination process and
pollen tube development inside the style, and on subsequent ovule fertilization, is
becoming clearer. As noted above, several sulfur-based products prevent normal pollen
activity in cultivated, wild or forest plants. Garmendia et al. (2022a) tested the effect of
sulfur in an in vivo test on ‘Nadorcott’ mandarin flowers by applying 5,000 mg of pure
solid elemental sulfur (the equivalent to the IS herein used) to each stigma. These authors
verified total pollen germination inhibition after applying sulfur, regardless of whether
flower pollination occurred 24 h earlier or 24 h later. Their study suggests that the effect of
sulfur on that citrus variety is generic and permanent. Our present results also agree with
these results. In fact, it can be inferred that IS probably affects the pollen development of
any Citrus species or varieties. The practical application of these results can be very
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extensive. One of those applications can be to obtain seedless citrus fruits in traditional
seedy varieties. In fact, Garmendia et al. (2022b) indicated recently that field applications of
sulfur in ‘Nadorcott’ trees produced a significant decrease in the number of seeds per fruit,
with a reduction of up to 87% of seed compared to the control. In any case, further research
must be conducted to better explore this possibility and find out the appropriate moments
of application, the dose used, etc., especially considering that the dose is an important
factor for the effect of pollen inhibition, as we have observed in this work.

CONCLUSIONS
The four sulfur-based treatments (IS, GS, NS and CS) inhibited the pollen grain
germination of two varieties (Clemenules and Nova). Inhibition did not occur at the lowest
concentration (0.2 mg l−1) but was total for the highest sulfur concentrations (2,000 and
20,000 mg l−1). Inhibition was around 50% in the treatments with 20 mg l−1 of sulfur.
The observed effect of sulfur in both mandarin Clemenules and tangelo Nova depends on
the dose and not on the formulation. Although no significant differences were observed
between the four products, inorganic sulfur showed the highest percentage of inhibition.
This is the first evidence of the effect of inorganic sulfur on the pollen inhibition of citrus
varieties. This effect could have important applications in agronomy, such as obtaining
seedless fruits in any variety of citrus. In any case, further research is required to
demonstrate the inhibition of pollen in vivo, and to find out what role the stigma of the
flower may have in the whole process.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding
This research was supported by the Asociacion Club de Variedades Vegetales Protegidas as
part of a project undertaken with the Universitat Politècnica de València (Spain, UPV
20170087). The funders had no role in study design, data collection and analysis, decision
to publish, or preparation of the manuscript.

Grant Disclosures
The following grant information was disclosed by the authors:
Universitat Politècnica de València: 20170087.

Competing Interests
Carlos Zornoza is currently employed by S. A. Explotaciones Agrícolas Serrano as a
Technical Manager. In years past, he carried out several research works in Departamento
de Ecosistemas Agroforestales, Universitat Politècnica de València (Valencia, Spain).
He has no competing interests with this research article. Likewise, the rest of the authors
declare that they have no competing interests.

Author Contributions
� Roberto Beltrán conceived and designed the experiments, performed the experiments,
analyzed the data, prepared figures and/or tables, and approved the final draft.

Beltrán et al. (2023), PeerJ, DOI 10.7717/peerj.14775 12/15

http://dx.doi.org/10.7717/peerj.14775
https://peerj.com/


� Nuria Cebrián performed the experiments, authored or reviewed drafts of the article,
and approved the final draft.

� Carlos Zornoza conceived and designed the experiments, prepared figures and/or tables,
and approved the final draft.

� Francisco Garcia Breijo conceived and designed the experiments, authored or reviewed
drafts of the article, and approved the final draft.

� José Reig Armiñana conceived and designed the experiments, authored or reviewed
drafts of the article, and approved the final draft.

� Alfonso Garmendia conceived and designed the experiments, analyzed the data,
prepared figures and/or tables, and approved the final draft.

� Hugo Merle conceived and designed the experiments, analyzed the data, prepared
figures and/or tables, and approved the final draft.

Data Availability
The following information was supplied regarding data availability:

The raw data of all plates treated with the four sulfur-based products cited in the article
are available in the Supplemental File.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.14775#supplemental-information.

REFERENCES
Beltrán R, Cebrián N, Zornoza C, Garmendia A, Merle Farinós HB. 2020. Effect of freezing

conservation time on loquat (Eriobotrya japonica) pollen germination. Spanish Journal of
Agricultural Research 18(3):1–10 DOI 10.5424/sjar/2020183-16626.

Beltrán R, Valls A, Cebrián N, Zornoza C, Breijo FG, Armiñana JR, Garmendia A, Merle H.
2019. Effect of temperature on pollen germination for several Rosaceae species: influence of
freezing conservation time on germination patterns. PeerJ 7(4):e8195 DOI 10.7717/peerj.8195.

Bermejo A, Pardo J, Cano A. 2011. Influence of gamma irradiation on seedless citrus production:
pollen germination and fruit quality. Food and Nutrition Sciences 2(3):169–180
DOI 10.4236/fns.2011.23024.

Chao CCT. 2005. Pollination study of mandarins and the effect on seediness and fruit size:
implications for seedless mandarin production. Hort Science 40(2):362–365
DOI 10.21273/HORTSCI.40.2.362.

Gambetta G, Gravina A, Fasiolo C, Fornero C, Galiger S, Inzaurralde C, Rey F. 2013.
Self-incompatibility, parthenocarpy and reduction of seed presence in ‘Afourer’ mandarin.
Scientia Horticulturae 164(1):183–188 DOI 10.1016/j.scienta.2013.09.002.

Garmendia A, Beltrán R, Zornoza C, Breijo F, Reig J, Bayona I, Merle H. 2019. Insect repellent
and chemical agronomic treatments to reduce seed number in ‘Afourer’ mandarin. Effect on
yield and fruit diameter. Scientia Horticulturae 246:437–447 DOI 10.1016/j.scienta.2018.11.025.

Garmendia A, García-Breijo F, Reig J, Raigón MD, Beltrán R, Zornoza C, Cebrián N, Merle H.
2022a. Agronomic treatments to avoid seed presence in ‘Nadorcott’ mandarin I. Effect on in
vivo pollen tube growth. Scientia Horticulturae 294(1):110760
DOI 10.1016/j.scienta.2021.110760.

Beltrán et al. (2023), PeerJ, DOI 10.7717/peerj.14775 13/15

http://dx.doi.org/10.7717/peerj.14775#supplemental-information
http://dx.doi.org/10.7717/peerj.14775#supplemental-information
http://dx.doi.org/10.7717/peerj.14775#supplemental-information
http://dx.doi.org/10.5424/sjar/2020183-16626
http://dx.doi.org/10.7717/peerj.8195
http://dx.doi.org/10.4236/fns.2011.23024
http://dx.doi.org/10.21273/HORTSCI.40.2.362
http://dx.doi.org/10.1016/j.scienta.2013.09.002
http://dx.doi.org/10.1016/j.scienta.2018.11.025
http://dx.doi.org/10.1016/j.scienta.2021.110760
http://dx.doi.org/10.7717/peerj.14775
https://peerj.com/


Garmendia A, Raigón MD, García-Breijo F, Reig J, Beltrán R, Zornoza C, Cebrián N, Merle H.
2022b. Agronomic treatments to avoid presence of seeds in Nadorcott mandarin II. Effect on
seed number per fruit and yield. PLOS ONE 17(12):e0278934
DOI 10.1371/journal.pone.0278934.

Lucheta AR, Lambais MR. 2012. Sulfur in agriculture. Revista Brasileira de Ciência do Solo
36(5):1369–1379 DOI 10.1590/S0100-06832012000500001.

Mejnartowicz L, Lewandowski A. 1985. Effects of fluorides and sulphur dioxide on pollen
germination and growth of the pollen tube. Acta Societatis Botanicorum Poloniae 54(2):125–129
DOI 10.5586/asbp.1985.012.

Mendiburu F. 2019. agricolae: statistical procedures for agricultural research. R package version
1.3-0. Available at https://CRAN.R-project.org/package=agricolae (accessed 19 September 2022).

Mesejo C, Martínez-Fuentes A, Reig C, Agustí M. 2007. The effective pollination period in
‘Clemenules’ mandarin, ‘Owari’ Satsuma mandarin and ‘Valencia’ sweet orange. Plant Science
173(2):223–230 DOI 10.1016/j.plantsci.2007.05.009.

Mesejo C, Martínez-Fuentes A, Reig C, Rivas F, Agustí M. 2006. The inhibitory effect of CuSO4
on Citrus pollen germination and pollen tube growth and its application for the production of
seedless fruit. Plant Science 170(1):37–43 DOI 10.1016/j.plantsci.2005.07.023.

Mesejo C, Yuste R, Martínez-Fuentes A, Reig C, Iglesias DJ, Primo-Millo E, Agustí M. 2013.
Self-pollination and parthenocarpic ability in developing ovaries of self-incompatible
Clementine mandarins (Citrus clementina). Physiologia Plantarum 148(1):87–96
DOI 10.1111/j.1399-3054.2012.01697.x.

Munzuroglu O, Obek E, Geckil H. 2003. Effects of simulated acid rain on the pollen germination
and pollen tube growth of apple (Malus sylvestris Miller cv. Golden). Acta Biologica Hungarica
54(1):95–103 DOI 10.1556/ABiol.54.2003.1.10.

Ouyang Y, Xu Z, Fan E, Li Y, Zhang L. 2016. Effect of nitrogen dioxide and sulfur dioxide on
viability and morphology of oak pollen. International Forum of Allergy & Rhinology 6(1):95–100
DOI 10.1002/alr.21632.

R Core Team. 2017. R: a language and environment for statistical computing. Vienna: R
Foundation for Statistical Computing. Available at https://www.R-project.org/ (accessed 19
September 2022).

Richards AJ. 2001. Does low biodiversity resulting from modern agricultural practice affect crop
pollination and yield? Annals of Botany 88(2):165–172 DOI 10.1006/anbo.2001.1463.

Ritz C, Baty F, Streibig JC, Gerhard D. 2015. Dose-response analysis using R. PLOS ONE
10(12):e0146021 DOI 10.1371/journal.pone.0146021.

RStudio Team. 2016. RStudio: integrated development for R. Boston: RStudio, Inc. Available at
http://www.rstudio.com/ (accessed 19 September 2022).

Topdemir A, Gür N. 2005. Effects of heavy metals (Cd, Cu, Pb, Hg) on pollen germination and
tube growth of quince (Cydonia oblonga M.) and plum (Prunus domestica L.). Fresenius
Enironmental Bulletin 14:36–39. Available at http://hdl.handle.net/11508/8851.

Venne H, Scholz F, Vornweg A. 1989. Effects of air pollutants on reproductive processes of poplar
(Populus spp.) and Scots pine (Pinus sylvestris L.). In: Scholz F, Gregorius HR, Rudin D, eds.
Genetic Effects of Air Pollutants in Forest Tree Populations. Berlin: Springer-Verlag, 89–103.

Wickham H. 2020. ggplot2: elegant graphics for data analysis. New York: Springer-Verlag.

Yamamoto M, Kubo T, Tominaga S. 2006. Self-and cross-incompatibility of various citrus
accessions. Journal of the Japanese Society for Horticultural Science 75(5):372–378
DOI 10.2503/jjshs.75.372.

Beltrán et al. (2023), PeerJ, DOI 10.7717/peerj.14775 14/15

http://dx.doi.org/10.1371/journal.pone.0278934
http://dx.doi.org/10.1590/S0100-06832012000500001
http://dx.doi.org/10.5586/asbp.1985.012
https://CRAN.R-project.org/package=agricolae
http://dx.doi.org/10.1016/j.plantsci.2007.05.009
http://dx.doi.org/10.1016/j.plantsci.2005.07.023
http://dx.doi.org/10.1111/j.1399-3054.2012.01697.x
http://dx.doi.org/10.1556/ABiol.54.2003.1.10
http://dx.doi.org/10.1002/alr.21632
https://www.R-project.org/
http://dx.doi.org/10.1006/anbo.2001.1463
http://dx.doi.org/10.1371/journal.pone.0146021
http://www.rstudio.com/
http://hdl.handle.net/11508/8851
http://dx.doi.org/10.2503/jjshs.75.372
http://dx.doi.org/10.7717/peerj.14775
https://peerj.com/


Yoder K, Yuan R, Combs L, Byers R, McFerson J, Schmidt T. 2009. Effects of temperature and
the combination of liquid lime sulfur and fish oil on pollen germination, pollen tube growth, and
fruit set in apples. HortScience 44(5):1277–1283 DOI 10.21273/HORTSCI.44.5.1277.

Yousefi N, Chehregani A, Malayeri B, Lorestani B, Cheraghi M. 2011. Investigating the effect of
heavy metals on developmental stages of anther and pollen in Chenopodium botrys L.
(Chenopodiaceae). Biological Trace Element Research 140(3):368–376
DOI 10.1007/s12011-010-8701-6.

Beltrán et al. (2023), PeerJ, DOI 10.7717/peerj.14775 15/15

http://dx.doi.org/10.21273/HORTSCI.44.5.1277
http://dx.doi.org/10.1007/s12011-010-8701-6
http://dx.doi.org/10.7717/peerj.14775
https://peerj.com/

	Effect of sulfur on pollen germination of Clemenules mandarin and Nova tangelo
	Introduction
	Materials and Methods
	Results
	Discussion
	Conclusions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


