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Abstract

:

Date palm pollen (DPP) plays a very important role in the fertilization process, since its viability and the pollination method influence on the quality, development, and yield of the fruit. In the present study, a broad review of its main characteristics, consumption, and DPP production are presented, as well as a description of its extraction methods and viability tests. The evolution of the pollination methods used in the date palm is also presented, from its natural pollination to the use of specialized mechanical and electrical devices, as well as the use of dry DPP and the current trend towards the use of DPP in liquid suspension. Likewise, the efficiency of the methods of natural pollination (wind); traditional (strands placement); dusting hand; dusting with manual, mechanical, or electric pollinator; and liquid pollination were evaluated from the fruit set percentage (FSP). Finally, starting from a scientometric analysis, the pollination methods were widely discussed, concluding that the dusting spraying of pollen suspension with liquid DPP is the pollination method that commonly presents the highest FSP, followed by dusting dry DPP with a motorized pollinator.
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1. Introduction


The date palm (Phoenix dactylifera L.) belongs to the genus Phoenix, which has 14 species of mostly ornamental or wild palms, with only Phoenix dactylifera being cultivated for its fruit [1]. It is a dioecious species, meaning that there are separate trees bearing unisexual inflorescences of staminate or pistillate flowers called “male” and “female” palms, respectively [2]. Its inflorescences, also known as racemes, grow among the axils of the leaves next to the trunk of the palm, inside a hard cover called the spathe, which opens when the inflorescence is mature [3].



The yield of date palms is mainly determined by the fruit set percentage (FSP) of the racemes. This in turn depends on various factors such as the date palm pollen (DPP) source and quality, pollination period, pollination method, female–male compatibility, and other factors such as temperature, fertilization, irrigation, and soil characteristics [4]. Pollination of the date palm occurs naturally by the action of wind. However, for commercial production, it is necessary to artificially pollinate date palms [5]. Commonly, each farmer identifies the DPP source and extraction technique that gives the best results. It is estimated that one healthy adult male palm is sufficient to pollinate up to 50 female palms [6].



Since ancient times, hand pollination has been practiced on the date palm through the insertion of male strands into the female inflorescences. Today, this method of pollination remains traditional in certain modern plantations with elite cultivars and in traditional oases. However, this method requires almost double the quantity of DPP compared to using dried pollen [6], requires more effort and worker experience, and does not guarantee high FSP.



Pollination is considered one of the most important processes in successful date production, since fruit yield and quality depend on the correct application of pollen. Since the middle of the last century, improved efficiency of the pollination process has been attempted, ranging from manual dusting of pollen to the use of aircraft [7]. A great diversity of hand-pollination methods have been investigated, as well as the use of mechanical, motorized, and electrical devices, and recently the use of liquid suspensions [2,8]. Some of these methods have proven to be highly efficient; however, some devices cannot be used due to their high cost, the need for operator skills, and equipment maintenance costs [7,9,10].



Automation of the DPP extraction process is a prevailing need in the modern date industry. Currently there is automated equipment on the market that has suction and filtering systems, allowing the extraction of almost 100% of pure pollen. These devices regularly extract 2.5–4 kg of pollen per hour [11]. In contrast, the manual extraction of DPP depends largely on the skill and experience of the worker, as well as being a time-consuming and delicate process with much lower rates of pollen extraction.



This study describes the characteristics of DPP, reviews current techniques for its extraction and application, and starting from a scientometric analysis, carries out an extensive discussion of these methods. It is concluded that the methods of liquid pollination and dusting with dry pollen present the greatest advantages over the others. These topics are quite relevant for successful production of date fruit and are of great interest to producers of this fruit.




2. DPP Features


2.1. Description


Pollen is the name given to fine dustlike grains contained in flower anthers, which are the source and transport unit for the male gametes [12]. Pollination is the process by which pollen grains are transferred from the anthers (male floral organ) to the stigma (female floral organ), where the pollen grain germinates and fertilizes the ovule of the flower, making possible the production of seeds and fruits. Germination is the process where the pollen grains, after falling into the flower stigma, generate a tube-shaped extension (pollen tube), which serves as a transport pathway for the male gametes from the pollen grain to the ovule. Fertilization occurs when the pollen tube reaches the embryo sac and discharges its genetic contents and the male gametes fuse with the female gametes of the ovules. Specifically, two sperm cells released from the pollen tube fuse with the egg cell and the central cell in the embryo sac, respectively, to give rise to a zygote and a primary endosperm, a process called double fertilization. The zygote eventually develops into a mature embryo of a seed [13,14].



Male date palm flowers usually have three sepals, three petals, six stamens, and three carpels (which rarely develop parthenocarpically), and are usually waxy white. In contrast, female flowers are usually yellowish-green with three sepals, three petals, six staminodes, and three separate carpels, only one of which normally develops into a mature fruit (Figure 1C). Both male and female flowers, numbering in the hundreds, are borne on thin structures called rachillae or strands. The rachillae in turn are on borne on flat, tapering peduncles (also called rachises) originating in the axis of leaves developed during the previous growing season. These peduncles are referred to as fruit bunch stalks or fruit stalks on female trees. These structures constitute the inflorescences of the date palm. During the early stages of flower development, the inflorescences are enclosed in hard, fibrous coverings called spathes [15]. The number of inflorescences borne on each palm varies from none to more than 25, depending on the age and vigor of the tree [3]. The inflorescences of male palms produce pollen (Figure 1B,C), whereas the inflorescences of the female palms include carpels that under appropriate conditions develop into the date fruit (Figure 1A,C).



The pollen grains of species in the Arecaceae vary mostly in aperture and ornamentation. Pollen of Phoenix spp. in general are elliptical or boat-shaped with a single germinal furrow extending lengthwise across the polar surface, with mean lengths of 17.2–26.7 µm and mean widths of 9.7–15.6 µm; length–width ratios are generally less than 2:1. The exine (outer coat of the pollen grain) usually exhibits a tectate–perforate structural pattern (showing small perforations in the tectum), with irregularly shaped holes. In some cases, a waxlike substance is present outside the exine [17].



Flowering of the date palm begins when the shade temperature increases to more than 18 °C, and fruit forms when it is higher than 25 °C [18]. In the Northern Hemisphere, male palms normally bloom in February to March, with the female palms blooming slightly later in March and April. Inflorescences arise in the axis of the leaves, pushing through the spathe wall, causing the spathes to crack longitudinally at anthesis. Only the distal portion of the rachillae that bears flowers is exposed at this time. Later, the proximal, non-fruit bearing portion of the inflorescence lengthens and pushes out of the spathe to a length of 60–120 cm, depending on female cultivar. Male inflroescences are somewhat shorter, rarely being more than 50 cm in length. The elongation period lasts 50–60 days after flowering. After pollination, the fruit normally develops from one of the three carpels within each pistillate flower, while the other two carpels abort. If pollination does not occur, one or all carpels may develop into small parthenocarpic fruit that are of no commercial or nutritional value. Natural fruit abscission occurs 25–35 days after spathe crack, and some cultivars have a second abscission about 100 days after spathe crack (sometimes referred to in the Northern Hemisphere as June drop) [19].



In general, the pollen of any male palm variety is suitable for the pollination of any female variety. However, since most male palms are of seedling origin, there are large variations in the quality of their pollen. Different sources of DPP can cause many variations in fruit set, color, size, ripening time, shape, fruit-weight, seed-weight, percentage of pericarp, and parthenocarpic fruit formation [20,21]. It has been proposed that one of the factors in these abnormalities has been the morphology of the DPP. A recent study characterized the morphology of 11 different pollen grains, highlighting their rhomboid shape, with lengths of 17.20–21.40 µm and widths of 6.97–10.30 µm. [22]. Another study reported for an elliptical shape (Figure 2C) for three different sources of DPP, with sizes of 20.38–21.94 and 16.32–16.96 µm in length and width, respectively. Likewise, for pollen of two different males, a spherical shape (Figure 2B) was reported with dimensions of 18.56–18.64 and 18.51–18.55 µm in length and width, respectively [20]. This last study evaluated the compatibility of five different DPP sources on the recipient female “Barhee” cultivar, where the elliptical-shaped pollen caused the highest percentages of abnormality in the fruit.



Seeking this compatibility with female cultivars so that they provide high yields, several date producing countries such as Egypt, Saudi Arabia, and Iran have already identified their DPP elite selections [6,23,24]. Recent studies in Mexico verified the compatibility among four different DPP sources (Figure 2A) with the recipient female “Medjool” cultivar [4,25,26].




2.2. DPP Effect on the Date Fruit


Different sources of DPP have a direct influence on the fruit, an effect known as metaxenia [27]. The size, color, quality, and ripening time of the fruit are direct and precise effects of the parent male, exerting the same effect on the recipient females in different years [21]. The source of DPP also influences the size, color, and shape of the seed, a phenomenon known as xenia [28]. The endospermatic tissue is not produced by the mother plant, but is a product of fertilization and therefore is influenced by the genetic factors carried by the pollen that affect its color. Metaxenia, unlike xenia, cannot be explained by hereditary elements (chromosomes) brought by DPP, since no chromosomes are contributed to the tissues showing the direct effect of parental pollen [21]. Mobile factors from seed, which harbors the paternal genome, moves to and affects fruit development. These effects are therefore independent of the contribution of the pollen towards the next generation [21]. There is some confusion regarding xenia and metaxenia in the literature [29]. The original suggestion that the pollen’s effects might come from differences in hormone production [30] should be tested more directly with current technology. Metaxenia is not limited to the date palm, but it is also present in other plants [31].



Due to the influence of DPP source on fruit characteristics, farmers select the pollen sources that positively influence the yield and the physical–chemical quality of the fruit. Various studies have been carried out seeking to identify the best male pollinators [20,32,33,34,35]. Studies have recently been carried out in Mexico, where the effect of pollen on nutritional properties of the fruit and seed has been analyzed in the “Medjool” cultivar [4,25,26].




2.3. Nutritional Content


DPP is a natural source of protein, minerals, dietary fiber, vitamins, sugars, amino acids, lipids, hormones, carbohydrates, sterols and enzymes, cofactors, and antibacterial and antioxidant agents [36,37]. Few studies have quantified the phytochemical properties of DPP; however, it is known that it consists of water (5–36%) and solids (64–95%) [14]. Table 1 shows the results of various studies carried out in Tunisia, Egypt, and Iraq in which the nutritional properties of various sources of DPP were determined [36,38,39,40].



The study carried out in Tunisia [36] used DPP from the “Deglet Noor” cultivar, where characteristics such as pH (6.31), glucose (3.66%), fructose (4.48%), and sucrose (10.08%) were also reported. The study carried out in Iraq [38] with DPP from the “El-Ghannmi Ahmar” cultivar also reported a total solids content of 91.95% and potassium, magnesium, calcium, iron, and copper as the five most abundant minerals, with concentrations of 73.5, 19.6, 10.8, 8.5, and 3.65 mg/g, respectively. Finally, the study carried out in Egypt [40] on DPP from the “El-Hayani” cultivar additionally reported 17 amino acids, with leucine and lysine having the highest concentrations (3.34% and 2.95%, respectively), and 13 fatty acids, with palmitic acid (34.45%) and linoleic acid (14.24%) having the highest concentrations.



The chemical variation among the different DPP sources and the countries where they are grown can be related to the genetics, nutrition of the crop, and weather conditions, among other factors. The protein concentration of DPP (15.8–38.18 g/100 g) is higher than that of the date fruit (1.1–3.0 g/100 g) and seed (2.29–7.08 g/100 g) [41,42]. The most abundant element in the DPP, as well as the date fruit and its seed, is potassium [38,41,42,43].





3. DPP Production and Consumption Needs


When establishing a new date plantation, as the female palm produces the fruits, a producer generally plants the maximum number of female palms and a minimum number of males. In a modern plantation, the DPP production of one healthy adult male palm can pollinate up to 50 females [3].



It is estimated that approximately 1000 tons of DPP are produced each season by the date palms of the Arab countries [44]. An adult male date palm regularly produces an average of 500 g of pollen annually [3], but may produce more than 1 kg [45]. A study developed in Saudi Arabia quantified the pollen production by spathe of 61 seedling males, reporting that the production of DPP varies greatly among spathes from one male to another (0.02–82.29 g/spathe) [46]. Another study carried out in Algeria, reported the production of DPP in 12 adult male seedling palms [47], producing from 248 to 2133 g, in a range of 11 to 36 spathes per palm, with an average of 19 spathes and 740 g per palm.



The consumption needs of DPP to pollinate each female palm depends on the pollination method used, the cultivar to be pollinated, the age of the palm, and the number of inflorescences on each palm. It has been estimated that using hand pollination by placement of fresh male spikelets (Section 5.3), a consumption of 8–10 g DPP is required for each female palm with a maximum of 12 inflorescences per palm. Using a method similar to the motorized pollen duster (Section 5.6.3), 11 g DPP per palm is required [47].



In Mexico, a squeeze bulb is commonly used for the manual pollination (Section 5.4.1.) of the “Medjool” cultivar. Usually, the squeeze bulbs are filled with 65 g of dried DPP diluted in 1:1 ratio with 65 g of commercial wheat flour. Each squeeze bulb is able to pollinate approximately 50 inflorescences, for an average DPP consumption of 1.3 g per inflorescence.



Using this criterion, it is estimated that 1.5 male palms were required to pollinate 50 female “Medjool” palms, having an average of 18 inflorescences per palm. This represents a consumption of 1.17 kg of DPP. For the liquid suspension method with a 4 g pollen per L of water ratio, DPP consumption was 360 g, which would represent having 0.5 male palms for every 50 female palms.




4. Pollen Extraction


4.1. Drying Process


The extraction process begins when the male spathe begins to ripen on the palm (Figure 3A). A sign of maturation is when the spathe covering the male inflorescence cracks (Figure 3C) or when the lower part of the spathe dries out at its base (Figure 3B). To prevent the inflorescence from entirely emerging from the spathe and the resulting loss of pollen, the spathe is cut from the palm and brought to a temperature-controlled room (18–22 °C), or some designated place to continue drying for several days.



The spathe is removed, leaving the inflorescence completely exposed. At this stage, the inflorescence has a high moisture content, and must be dried to avoid contamination of the pollen by mold (Figure 3D,E). In order for the DPP not to lose its viability, its contact with the sun should be avoided, so the drying process should begin in a room with low humidity (40–45% R. H.) at ambient room temperature. As the inflorescence’s moisture decreases, its flowers begin to open and release the pollen grains. After this, the pollen is ready to be extracted from the inflorescence, the hand and mechanical processes being the common methods for its extraction [3].




4.2. Hand Extraction


This is the traditional method and it consists of placing the dried inflorescences on a layer of paper or hanging them for several days above a large container or paper bag. The flowers will then release their pollen onto the layer of paper or into the containers, from whence it can be collected. After the inflorescence has released most of its pollen, it is shaken and tapped lightly to release the remaining pollen (Figure 3F) [49]. Finally, the DPP obtained is filtered through a sieve to obtain pure pollen and prepare it for storage.




4.3. Mechanical Extraction


Devices for the mechanical extraction of pollen vary, depending on whether they are handcrafted by the farmer (Figure 3G) or manufactured industrially (Figure 3H,I). Normally this equipment consists of a rotating barrel into which mature inflorescences are inserted, a sieve to filter pollen from other materials, a suction fan, and a container that receives the extracted DPP. This type of machine can handle the extraction of up to 450 inflorescences daily, collecting approximately 40% more DPP than the hand method. It has been reported that the use of this extraction method does not harm the viability or longevity of DPP [3].




4.4. DPP Conservation


Normally, the male inflorescences produce pollen in the months of February and March, while the female inflorescences are receptive to pollination between the months of March and April [5]. Sometimes due to climatic conditions, the male inflorescences delay their appearance and opening, lagging behind the flowering of the female inflorescences [50]. This represents a great risk for the farmer, due to the fact that the female inflorescence is receptive to pollen for 3–12 days after emergence, depending upon cultivar [3]. When the pollination process is carried out beyond that time period, there will be high abortion percentages or very low FSP. Likewise, FSP decrease with increasing time after spathe crack, with varietal differences reported [51,52]. In order to avoid this problem, many date farmers conserve pollen from the previous season for their first round of current pollination.



Fresh pollen stored under dry conditions maintains viability at room temperature (24 °C) for four weeks or more, which is long enough for the current pollination season [29]. However, if pollen is kept for longer periods, it needs to be stored at low temperatures in bottles or sealed plastic containers. Several studies have analyzed various methods for its conservation in periods of one year or more, using 4 °C refrigerators, −20 and −80 °C freezers, as well as cryopreservation at −196 °C with liquid nitrogen [30,46,50,53,54]. According to different viability tests, DPP underwent degradation even when preserved. However, it was concluded that cryopreserved DPP maintains almost the same germination percentage as fresh pollen [54]. It was also found that DPP stored for more than one year at a temperature of −20 °C maintains a better percentage of germination than that stored at 4 °C [50]. Pollen stored for the next season’s pollinations should be maintained in a sealed container, preferably with a desiccant, in order to maintain the pollen in a dry state [55].




4.5. DPP Viability


Pollen viability is the ability it has to germinate and effect fertilization, resulting in the subsequent development of fruits and seeds [56]. The application of greater amounts of DPP in the female inflorescences does not ensure high FSP, unless the DPP used is viable, has a high degree of germination, and the female flower is receptive. For this reason, it is desirable to assess the viability of DPP before the pollination process, since it is more likely that a higher yield will occur if high quality pollen is used [3].



DPP viability can be determined by various tests such as: fluorescein diacetate (FDA), Alexander’s staining, absolute pollen viability, in vitro germination, and acetocarmine staining, among others [30,53]. The most widely used feasibility evaluation methods are in vitro germination and staining with acetocarmine.



The in vitro method consists of the germination ability of DPP on germinating medium. The medium may vary, but a common one is the use of 1% agar, 10% sucrose, and 500 ppm boron. A pH of six for the medium is generally optimal for date palm pollen germination, but different cultivars may have different optimum pH’s [57]. A small amount of DPP is sprinkled or dusted with a camel hairbrush onto the medium in a petri dish. After 24 h at 25–27 °C in an incubator, the growth of the pollen tube as observed under magnification is evidence of germination [46] (Figure 4A).



The method of differential staining of pollen grains with acetocarmine is the viability test commonly used to evaluate the germination viability [30]. This consists of adding 1–2 drops of 1% acetocarmine solution to a small amount of pollen on a slide. The slide is heated over a spirit flame, squashed, and is ready for observation 5 to 10 min after [58]. Pollen grains that stain red are considered viable, while colorless ones will be non-viable [46] (Figure 4B).





5. Date Palm Pollination Methods


5.1. Pollination


Cross-pollination is the transport of pollen from one plant to another by means of an external pollinating agent. Natural external pollinators are made up of abiotic and biotic agents. Abiotic pollinating agents are natural environmental elements, such as wind and water, in which pollen can travel to a female flower to fertilize. Biotic pollinating agents are insects or other animals, which carry pollen from one flower to another. Biotic pollinating agents include bees, butterflies, bats, hummingbirds, and humans, among others. Artificial external pollinators are human-devised methods to improve crop yield by more efficiently uniting the pollen and the female flower. In the case of the date palm, these methods are hand pollination with fresh spikelets or dry pollen, mechanical pollination with dry pollen, and pollination with a liquid suspension of pollen grains.




5.2. Natural Pollination


This is carried out by biotic and abiotic agents. Natural pollination is commonly practiced in some traditional oases and in places where the palms are very high and pose a risk for workers to climb. Natural pollination has a negative effect on crop yields, as well as the need for a large number of male palms, due to its inefficiency [5,49]. Plantations that use this pollination technique commonly experience high percentages of parthenocarpic fruit and low FSP. Therefore, this type of pollination does not guarantee high yields, so an artificial technique is necessary for commercial date production [59,60].




5.3. Hand Pollination with Fresh Male Spikelets Placement


The Assyrians of ancient Mesopotamia practiced artificial pollination of date palms as early as 4500 B.C. [12,61]. Their method of pollination was to place strands of male inflorescences into the strands of female inflorescences. This method is traditional to many farmers. It consists of cutting the strands of a newly opened male inflorescence (Figure 5A) and placing two to six of these strands (depending on the size of the inflorescence), lengthwise and upside down, between the strands of the female inflorescence. A string is tied around the female inflorescence (Figure 5B) to hold the male strands in place [3,62]. This method requires more labor, worker skill, and DPP than the other methods.




5.4. Hand Pollination with Dry Pollen


Hand pollination with dry pollen is a more efficient use of DPP, since the pollen can be mixed in various proportions with wheat flour, talc, ground date bunch remains, and other inert filler agents [4,49,63]. Mixing proportions vary by cultivar, and can range from 1:1 to 1:8 DPP per diluting agent used. It also allows adequate control of DPP at the time of pollination. Hand pollination is generally done by sprinkling dried pollen grains on the female inflorescence.



5.4.1. Hand Dusting of Pollen


Various tools are used for hand dusting of pollen on the female inflorescence. The use of a squeeze bulb containing the mixture of pollen and flour (Figure 5C) is a very common method in Mexico and the USA [5]. In Peru, a plastic bottle with a lid with holes that allows the pollen to escape when pressed is used. Likewise, a small manual insecticide duster, known as a puffer, has also been used to pollinate with dry pollen [64]. Depending on the size of the inflorescence, it is sprayed two to three times on the inflorescence.




5.4.2. Cloth Bag Containing Pollen


Extracted, dried DPP is concentrated in the middle of a piece of cloth; the outer parts of the cloth are lifted and used to tie a knot, resulting in a ball of pollen contained in the cloth (like a stocking) [49]. This is struck against the inflorescence, allowing the pollen to filter through the cloth pores (Figure 5D). In order to reach tall or distant inflorescences, a long stick is attached to the knot of the fabric [65].




5.4.3. Cotton Pieces and Common Balloons


Walnut-sized pieces of cotton are dusted with dry pollen, and one to two pieces are embedded in the central part of the female inflorescence (Figure 5E) [3,49]. In Alice Springs, Australia, they are experimenting with common party balloons, containing a mixture of pollen and wheat flour. One balloon is placed on each female cluster waiting for them to burst and release the pollen into the inflorescence (Figure 5F) [66].




5.4.4. Sponge Strips


An alternative to the traditional pollination method is the use of sponge strips (25 cm long, 1.5 cm thick, and cm wide) loaded with fresh DPP. One to three pieces are inserted in the middle of a female inflorescence, depending on its size [67]. This method is recommended when seeking efficient use of DPP in places where pollen is scarce and difficult to obtain.





5.5. Pollination with Liquid Suspension Pollen


This pollination method is being widely promoted due to the good results obtained. It can be done with a manual sprayer (Figure 6A) or using a mechanism with pressurized water suspension (Figure 6B). It is commonly a mixture of water with DPP at proportions from 0.5 to 4 g pollen per L water. Approximately 100 mL is sprayed on each inflorescence with a hand sprayer (Figure 6C) [62,68]. The liquid suspension is sometimes mixed with additional elements, such as 10% sucrose and 20 ppm GA3, which contribute to a better FSP [32].




5.6. Mechanical Pollination with Dry Pollen


Mechanization of date production has been adopted in recent years to increase production and improve agricultural efficiency, even reaching the use of artificial intelligence in pollination processes [69]. Automation processes have allowed solving some problems in the industry such as shortage of skilled workers, peak operating times, high costs, work intensity, etc. [2].



5.6.1. Pollen Mechanical Spraying


Recently the use of manual mechanical sprinklers for pollination has been observed. These devices contain a simple mechanism, which through manual action generates air pressure into the device, expelling dry pollen through a small tube (Figure 6D,E).




5.6.2. Pollen Spraying Machine


A pollen spraying machine, attached to a tractor, consists of a hydraulic air cannon capable of vertical and horizontal adjustment. The cannon propels the pollen by means of an air current to the crown of the palm, up to 22 m in height. A single operator using this machine can pollinate more than 350 palms per hour [11]. The use of this technology has only been observed in highly industrialized countries such as Israel and the United States (Figure 6F). A disadvantage is that a greater amount of pollen is required.




5.6.3. Motorized Pollen Duster


This mechanical device consists of a stainless steel air tank, air pump, connection hoses, pollinator tubes, pollen hopper, rubber connection hoses, safety valve, and other components (Figure 6H) [49]. This apparatus is used as a pressurized sprayer from the ground. Its telescopic tube, up to 10 m long, can carry pollen to the crown of the palm, facilitating the pollination of selected female inflorescences without climbing the palm [70]. There is also a hand operated duster version, which includes a small piston pump connected to a reservoir and mounted on a set of aluminum pipes, while the motorized duster version includes a small compressor, operated by a gasoline engine (Figure 6G) [7]. This equipment is portable, can be operated by one man, and is similar to a backpack sprayer, and a worker can pollinate 150–200 palms daily [63].




5.6.4. Date Palm Pollinator Electrical Device


This is an electrical device with a DPP peripheral dispersal system [60]. It consists of an extendable aluminum pole, a dispenser with a pollen tank and an air distributor, and a thin tube connected to the dispenser and bent at a 45° angle to facilitate pollination, with a nozzle at the end. The user operates a remote control with which the pollen dispersal mechanism is controlled. It is operated from the ground and does not require climbing the palm (Figure 6I).




5.6.5. Aircraft


Pollination through the use of aircraft is still used in some parts of Israel [45]. In the Coachella Valley in California, USA, helicopters and fixed-wing aircrafts were experimented with in the 1960s and 1970s. However, low FSP were observed, up to five times the amount of pollen was consumed, and it was not economically viable [3].




5.6.6. Robotic Prototype


This device consists of a robotic arm and a computer controlled sprayer, which are guided by a computer sensing system that is capable of identifying inflorescences with a camera. This system seeks to manage pollen consumption with maximum precision in its use. Currently an experimental prototype to scale has been developed (Figure 6J) [69].






6. Summary


DPP is a good source of minerals, vitamins, and amino acids, with high nutritional value, which can be used as an excellent natural dietary food supplement for humans [71]. It can also be considered as a functional food, due to its high content of flavonoid compounds and bioactive volatile unsaturated fatty acids, which have an important role as antioxidants, anti-cancer factors, and promoters in human nutrition [72]. Based on these nutritional properties, a recently developed study evaluated the fortification of yogurt with DPP, concluding that it provided improved viscosity, syneresis, and water retention capacity; this could be considered as a symbiotic functional yogurt [73].



Another use of DPP has been in traditional or folk medicine, where it has been used to treat male infertility, while the consumption of male flowers has been used to improve fertility [74]. Currently, it is used as a dietary supplement to increase libido and improve fertility in both women and men [75,76]. A recent study reported that DPP intake in male patients induces a significant increase in testosterone levels and in the follicle stimulating hormone. It also improves the percentages of total and progressive sperm motility [77]. Ancient Egyptian culture used it as a rejuvenating medicinal agent [44]. Today there is a decreasing trend in human fertility rates, mainly in industrialized countries, and the use of DPP can be a tool in addressing that problem [78].



The Food and Agriculture Organization of the United Nations (FAO) generally recommends a ratio of 1:50 (male:female) palms for modern plantations with artificial pollination [3], which coincides with research from Egypt and Israel [6,45]. However, to define this proportion precisely, various aspects must be considered such as the cultivar, pollination method, number of inflorescences in each palm, amount of pollen in each application, and amount of pollen produced. Researchers from Libya, Morocco, and Syria report that for the cultivars, pollination methods, and cultivation practices used in those countries, successful pollination requires one male palm for every 25 female palms [9,79,80].



Asynchronous maturation of female and male inflorescences refers to the male inflorescences maturing after the female inflorescences rather than before, as is normal. This phenomenon occurs frequently in date palms, and may be due to the effect of low or high temperature stress on the reproductive organs [50].



The vast majority of date farmers continue to extract pollen manually, which means that more workers dedicated to this activity are employed and that the process takes longer. The use of automated equipment requires a large initial investment, but is more efficient than manual extraction and can be carried out by a single person. In both manual and automated DPP extraction, the DPP is not damaged and remains viable. A great advantage of farmers who have male palms on their plantations is that they can store surplus DPP for the following season and thus prevent a possible delay in pollination. Conservation of DPP can be in sealed plastic containers in a common refrigerator maintaining a constant temperature, at a low cost for the farmer.



The term viability in DPP refers its status of being alive and able to complete post-pollination events until fertilization is complete [56]. DPP can remain viable for a long time if kept dry [53]. Various studies evaluating the viability of dry DPP after storage at various temperatures (ambient (5–30 °C), 3–4 °C, −20 °C, −80 °C, −196 °C) generally found that preservation of viability is increased at lower temperatures [50,53,54,81]; however, some varieties maintain a higher viability than others [53,81]. Preservation at −20 °C is considered better for the growers, since the equipment is more accessible than that required for preservation at lower temperatures (cryopreservation). An empirical test used by Mexican date farmers is to mix a little pollen with water. If the pollen grains do not aggregate into a mass, the DPP is viable.



The selection of the preservation method, as well as the DPP viability test, will depend on the storage capacity, the number of palms, the diversity of cultivars, and the economic capacity of each farmer. Generally, it is a good practice to carry some pollen over into the following season.



A scientometric analysis with the search topic “pollination method” was performed using the Bibliometrix software [82] and ScientoPy [83], which extracted information from the Scopus dataset (www.scopus.com, accessed on 22 July 2020). This analysis revealed that the date-producing countries that have most evaluated pollination methods have been Egypt, Saudi Arabia, Pakistan, Oman, Iran, Iraq, and Jordan. Evaluating the efficiency of pollination methods, researchers from these countries have compared at least two methods of the following: (1) natural (wind), (2) strand placement (traditional method, 2–10 strands), (3) hand pollen dusting (any hand method, mixing dry pollen with flour or talc in various proportions), (4) dusting with hand or motorized pollinator (mechanical/electrical device), and (5) pollen in water suspension (hand spray).



Poor dispersion of DPP in the inflorescence and the effects of environmental factors such as high humidity, rain, low temperatures, and strong winds may have a negative effect on pollination efficiency [1]. When this happens, the fruit does not develop its pulp or its seed, all three carpels develop into small non-commercial fruits, or the fruit aborts. This phenomenon is known as parthenocarpy. Figure 7B,C shows examples of parthenocarpic fruit in the date palm.



The methods that achieve a pollination efficiency of 60–80% of the female inflorescences are considered as satisfactory, and with this a good FSP will be achieved [3] (Figure 7A).



Table 2 summarizes the efficiency of different pollination methods evaluated in various countries, where the efficiency of each method was evaluated through its FSP. Studies carried out in Egypt evaluated the traditional pollination method (strands placement) against water suspension and hand pollen dusting, concluding that DPP in water suspension and hand pollen dusting were the most effective methods [84,85,86]. In the first study, the traditional method had the highest FSP due to the excessive number of strands in the bunch, and an activation material (boric and ascorbic acids, treacle, and vinasse) resulted in a higher FSP [84]. Other studies have added a solution of sucrose, glycerin, and GA3 to the DPP suspension to increase FSP [3]. The second study worked with dry pollen and proportions of wheat flour, determining that a mixture including 20% pollen was the most efficient method [85]. This work also evaluated the stimulation and acceleration of pollen germination using a solution of 12% sucrose, 0.1 g K2SO4, 0.2 g MgCl2, 0.3 g Ca(NO3)2, 0.1 g H3BO3, 200 mg/L vitamin B1, 50 mL/L Vitamin B6, and 1.0 mg/L Vitamin B12 prior to pollination; treatments receiving this treatment had the highest FSP. The third study added to its hand dusting treatments a natural growth activator called “Milagro”, which is extracted from flower pollen; this addition improved the FSP [86].



In investigations in Saudi Arabia, the hand spraying of a pollen suspension proved to be the most effective; however, due to ease of operation and cost reduction, the use of a motorized pollinator was recommended [67,70,87]. The first study evaluated the use of the traditional method (Section 5.3) against strips of sponge impregnated with dry pollen and flour. No significant differences were found [67]. The second work analyzed the traditional method against the use of a portable pollen duster with dry DPP and flour, obtaining better results from the traditional method; this could be due to the low proportions of pollen used in the duster [70]. The third study determined that the liquid pollination method (3 g pollen/L water) obtained the highest FSP, followed by hand dusting of dry pollen and flour in a 1:9 ratio. In addition, the percentage of parthenocarpic fruit was evaluated for each pollination method. Natural pollination (7.81%) resulted in the highest proportion of parthenogenic fruit, followed by strands placement (3.66%), hand dusting (0.64%), and pollen suspension (0.32%) [87].



In Pakistan it was reported that hand spraying of a pollen suspension at 4 g pollen/L water was the best treatment for liquid pollination [88], while for pollination with dry pollen, it was dusting with a mechanic pollinator [63].



In Iraq, a study was made with dry pollen at a DPP proportion of 16% [89]. The traditional method (Section 5.3) resulted in the highest FSP (62.42%), while mechanical dusting resulted in a FSP of 57.41% of FSP.



In Jordan, liquid pollination and hand dusting methods were evaluated [68]. The hand dusting hand method resulted in 100% FSP, while the liquid pollen suspension with 4 g pollen/L water was 91.50% [68]. In general, in this study the high FSPs were reported in all treatments. However, for the “Medjool” cultivar, high FSPs require more cultural inputs, since it is necessary to thin the bunch in order to obtain larger fruits.



In Mexico, a study was carried out where the effect of DPP sources on the fruit quality of the “Medjool” cultivar was evaluated using hand dusting [4]. On average, a FSP of 31.74% was obtained, which is a low efficiency. However, this could have been due to the use of a brush, which is not generally used for pollination of date palms.



Finally (data not shown in Table 2), in Oman, hand pollen dusting and dusting with a motorized pollinator methods were found to be the most efficient; however, the results did not present any clear evidence of the superiority of one method over the others [7,90,91]. In Iran, the performance of an electric hand pollination device was evaluated against hand pollination by dusting and motorized pollinator. The difference between the three methods was not significant; however due to handling, cost, and operation, the use of the electrical device was recommended [60].



Natural wind pollination occurs commonly in regions where large populations of uncultivated seedling date palms grow, resulting in about 50% of the population being male. This practice favors the development of parthenocarpic fruits without any commercial value [88]. The traditional pollination technique can have a high fertilization efficiency if the number of strands inserted into each bunch is increased. However, this has several disadvantages, such as a higher consumption of pollen, increased costs, and a single person can only fertilize of 200–250 palm trees in the period of receptivity of the inflorescences. This technique also requires several ascents of each palm, which may damage the palm crown and increases the risk of falling [47].



Most researchers in different countries have concluded that the natural method and strand placement are the pollination techniques that result in the lowest yields. Therefore, mechanical pollination is recommended, since unlike the hand pollen duster, it is used at ground level, does not require climbing the palm, has a lower cost and shorter time of operation, and eliminates the risk of accidents. The use of an atomizing machine allows pollination of more than 250 palms in eight hours by a single person [92]. Although it has the drawback of initial cost and maintenance cost, mechanical pollination is one of the most attractive alternatives, since it can reduce labor by 50–70% [89].



Table 2 shows in a general way that the treatments with water suspension present high FSP, with very low DPP consumption. Liquid suspensions in combination with germination stimulants such as boric acid or ascorbic acid also require only low proportions of DPP per liter of water (1–4 g pollen/L water) [84]. This method of pollination is being strongly promoted by an International Center for Agricultural Research in the Dry Areas (ICARDA) project in the Persian Gulf countries, because it is faster, less expensive, and more effective [93].



An innovative method for the pollination of date palms is being developed in Oman involving the use of pollinating drones. With the use of drones and artificial intelligence (AI) in the One Million Date Palm Trees Project, the aim is to reduce dependence on large amounts of labor and enter the so-called “fourth industrial revolution in the agricultural sector” [94].



Finally, another aspect not mentioned in any study is the pollen trade. In various open air markets in Arab countries, it is common to see people selling fresh male spathes. In Mexico and the USA, it is possible to buy a gallon of DPP (approximately 2 kg) at a cost of 300–450 USD.




7. Conclusions


The method of pollen extraction will depend on the economic capacity of the producer, but a mechanical–automated method offers multiple advantages over a manual one. The most efficient pollination methods evaluated were (1) dusting with a motorized pollinator, since it presents acceptable FSPs and other great advantages over other methods; and (2) liquid spraying of a pollen suspension, since it presents the highest FSPs, with low consumption of DPP.



However, date palm producers should evaluate which method is the most effective for them under their production conditions. A low FSP can reduce the amount of hand thinning of the fruit in the bunch, which is necessary to obtain commercial fruit quality in some cultivars. Likewise, the viability of the source of the DPP used and the agroclimatic conditions for each country should be considered. In addition, regarding the consumption needs of DPP for pollination, it will be necessary to count one to two male palms for every 50 females, according to the pollination method used.



As the use of artificial intelligence advances, the development of technology for the use of a pollinator drone could be a viable solution to reduce costs, since it could identify ready-to-pollinate inflorescences, the amount of pollen to use, and would be operated by a single person. This same apparatus could be used in the pesticide application and thus have a double utility.



Likewise, use of DPP as a functional food, and for attending the decreasing human fertility rates in industrialized countries, may open an opportunity for its use and valorization.
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Figure 1. Male and female inflorescences on the date palm. (A) Two groups of female inflorescences with different stages of development. The inflorescences at the bottom are ready for pollination. (B) Male inflorescence (right) outside its spathe (left), in the drying process prior to the extraction of pollen. (C) Male strands (left) and a single female strand (right). Source: Images A (Adapted from [16]). B, C (Photos by Ricardo Salomón-Torres). 
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Figure 2. The shapes of pollen grains of the date palm. (A) Pollen sourced from date palm seedling male derived from the “Medjool” cultivar, with rhomboid-shaped pollen. The DPP from male trees developed from seeds of the “Deglet Noor”, “Khadrawy”, and “Zahidi” cultivars have also the same shape. (B) Pollen sourced from date palm seedling male derived from the “Kacst” cultivar, with spherical-shaped pollen. The DPP from a male tree developed from seed from the “Muzahmiya” cultivar also presented the same shape. (C) Pollen source from date palm seedling male derived from the “Heet” cultivar, with elliptical-shaped pollen. The DPP from male trees developed from seeds of the “Dilim” and “Fouzan” cultivars also have the same shape. Source: Image A (Photo by Ricardo Salomón-Torres). Images B, C (Adapted from [20]). 
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Figure 3. Date palm pollen extraction process. (A) Spathe about to open on the palm. It is common to tie and press the spathe with string so that it matures as long as possible on the palm. (B) The base of the spathe comes off, indicating that this spathe is ready to be cut. (C) Open spathe, ready to dry. (D) Hanging spathes, drying and releasing pollen grains. (E) Spathes on a layer of paper. (F) Lightly striking the inflorescence to release more pollen. (G) Pollen extraction machine, handcrafted. (H,I) Industrial and automated equipment for the extraction of pollen. Source: Images A, B, and C (Photos by Ricardo Salomón-Torres). Images D, E, F, and G (Adapted from [16,48]). Images H, I (courtesy of Agrom Agricultural Machinery, LTD, www.agrommachine.com; accessed on 22 July 2020). 
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Figure 4. Two methods for determining DPP viability. (A) The germination ability on germinating medium. The growth of the pollen tube is observed as a success in viability in three germinated grains, while a non-germinated pollen grain appears in the upper part, which indicates non-viability. (B) The differential stainability of the pollen grains with acetocarmine. The red tinted dots show viability, while the unstained dot indicates non-viability. Images adapted from [53]. 
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Figure 5. Pollination with male strands and dry pollen. (A) Separation of strands of a male inflorescence. (B) Embedding of male strands in the middle of a female inflorescence and securing with a string for its containment. (C) Pollination using a squeeze bulb. (D) Use of a cloth filled with DPP. (E) Cotton pieces embedded in the female inflorescence. (F) Common party balloons containing DPP inside. Source: Images A, B, D, E, and F (Adapted from [16,63,64]). Image C (Photo by Ricardo Salomón-Torres). 
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Figure 6. Date palm pollination methods using liquid and dry pollen. (A) Hand pollination with liquid suspension. (B) Pollination with a liquid suspension using a mechanism mounted on a tractor for high pressure delivery. (C) Inflorescence before and after liquid pollination. (D,E) Manual machines for pollination with dry DPP. (F) Pollination machine with a hydraulic mechanism. (G) Motorized duster. (H) Pressurized sprayer. (I) Palm pollination using an electric pollinator. (J) Prototype of a pollinating robotic arm using artificial intelligence. Source: Images A, B, D, E, G (Adapted from [16]). Image C (Photo by Ricardo Salomón-Torres). Image F (courtesy of Agrom Agricultural Machinery, LTD, www.agrommachine.com; accessed on 22 July 2020). Images H, I, J (Adapted from [49,60,69]). 
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Figure 7. Parthenocarpic fruit in the date palm. (A) Date fruits resulting from good pollination. (B,C) Parthenocarpic date fruits resulting from naturally pollinated inflorescences, low compatibility between the male and female palms, or pollination outside the receptive time of the female inflorescence. (D) Fruit aborted with triplet parthenocarpic fruits. (E,F) Ripe dates lacking seeds, due to parthenocarpy. Source: Images A, F (Photo by Ricardo Salomón-Torres). Images B–E (Adapted from [16]). 
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Table 1. Comparative analysis of the proximate chemical composition of five DPP sources.
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	Parameter
	“Deglet Noor” [36]
	“El-Ghannmi Ahmar” [38]
	“Khikri” [39]
	“Samasmi” [39]
	“El-Hayani” [40]





	Moisture (%)
	30.31
	8.04
	44.88
	39.05
	28.8



	Protein (g/100 g)
	38.18
	19.45
	26.93
	23.42
	31.11



	Fiber (g/100 g)
	-
	0.11
	-
	-
	1.37



	Lipids (g/100 g)
	10.24
	7.67
	7.20
	8.50
	20.74



	Hash (g/100 g)
	6.16
	5.85
	4.61
	5.68
	4.57



	Carbohydrates (g/100 g)
	-
	26.25
	16.27
	22.78
	13.41










[image: Table] 





Table 2. Efficiency comparison of the different pollination methods on various date palm cultivars.






Table 2. Efficiency comparison of the different pollination methods on various date palm cultivars.





	
Pollination Method

	
Treatments

	
Fruit Set (%)

	
Cultivars

	
Palms

	
Country






	
Hand spraying of pollen suspension

	
Liquid pollen (1.5 g/L) + 0.2 or 2 g boric or ascorbic acids + 10% Egyptian treacle or 10% vinasse

	
48.19

	
Zaghloul

	
8

	
Egypt [84]




	
Hand spraying of pollen suspension

	
Liquid pollen (3 g/L) + 0.2 or 2 g boric or ascorbic acids + 10% Egyptian treacle or 10% vinasse

	
54.44




	
Strands placement

	
10 strands/bunch

	
59.72




	
Strands placement

	
5 strands/bunch

	
26.71

	
Hayany

	
32

	
Egypt [85]




	
Hand pollen duster

	
Dry pollen + wheat flour (1:20 ratio) †

	
26.99




	
Hand pollen duster

	
Dry pollen + wheat flour (1:10 ratio) †

	
28.95




	
Hand pollen duster

	
Dry pollen + wheat flour (1:5 ratio) †

	
32.3




	
Dusting hand

	
2 g pollen + 3 g filler material

	
54.7

	
Zaghloul, Samany

	
9

	
Egypt [86]




	
Dusting hand

	
1 g Milagro + 4 g filler material

	
59.2




	
Dusting hand

	
1 g pollen + 1 g Milagro + 3 g filler material

	
65.1




	
Strands placement

	
2–3 strands/bunch

	
69.1

	
Khalas

	
20

	
Saudi Arabia [67]




	
Strips of sponge

	
Dry pollen + wheat flour (1:4 ratio) †

	
67.03




	
Strands placement

	
5 strands/bunch

	
44.75

	
Khalas, Sheshi

	
12

	
Saudi Arabia [70]




	
Portable pollen duster

	
Dry pollen + wheat flour (1:5 ratio) †

	
37.5




	
Portable pollen duster

	
Dry pollen + wheat flour (1:10 ratio) †

	
32.25




	
Portable pollen duster

	
Dry pollen + wheat flour (1:15 ratio) †

	
33.55




	
Natural pollination

	
By wind

	
26.03

	
Khalas

	
12

	
Saudi Arabia [87]




	
Strands placement

	
5 strands/bunch

	
68.67




	
Dusting hand

	
Dry pollen + wheat flour (1:9 ratio) †

	
82.07




	
Hand spraying of pollen suspension

	
Liquid pollen (3 g/L)

	
85.71




	
Natural pollination

	
By wind

	
32.52

	
Hillawi

	
2

	
Pakistan [63]




	
Strands placement

	
5 strands/bunch

	
51.93




	
Dusting hand

	
Dry pollen

	
45.94




	
Dusting with pollinator

	
Dry pollen

	
60.76




	
Dusting with pollinator

	
Dry pollen + talc

	
40.93




	
Hand spraying of pollen suspension

	
Liquid pollen (1 g/L)

	
74.67

	
Khadrawy, Zahidi

	
24

	
Pakistan [88]




	
Liquid pollen (2 g/L)

	
79.67




	
Liquid pollen (3 g/L)

	
84.5




	
Liquid pollen (4 g/L)

	
86




	
Natural pollination

	
By wind

	
12.65

	
Zahidi

	
40

	
Iraq [89]




	
Strands placement

	
2–3 strands/bunch

	
62.43




	
Dusting mechanical

	
Dry pollen (8%)

	
53.59




	
Dusting mechanical

	
Dry pollen (16%)

	
57.41




	
Dusting hand

	
Dry pollen

	
100

	
Medjool, Barhee

	
4

	
Jordan [68]




	
Hand spraying of pollen suspension

	
Liquid pollen (1 g/L)

	
72.5




	
Liquid pollen (2 g/L)

	
81




	
Liquid pollen (3 g/L)

	
81




	
Liquid pollen (4 g/L)

	
91.5




	
Dusting hand with brush

	
Dry pollen + wheat flour (1:1 ratio)

	
31.74

	
Medjool

	
5

	
Mexico [4]








† The expression ratio refers to the proportion of pollen: wheat flour.
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