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Abstract

:

Many diseases of date palm are known. However, pathogens that might affect seed germination and seedling emergence from soil are poorly studied, perhaps because date palm cultivars are propagated vegetatively. Here, we first determined the effects of date seed fungi on the germination and emergence of 600 seeds overall (i.e., 200 of each of three cultivars: ‘Thoory’, ‘Halawi’, and ‘Barhi’). In each cultivar, 100 seeds were from Saudi Arabia (part of the native range), and 100 were from the southwestern USA (where the date palm was introduced around 1765). Just four fungal genera (i.e., Alternaria, Aspergillus, Chaetomium, and Penicillium) were isolated from the surface-sterilized date seeds. Aspergillus isolates all belonged to Aspergillus sect. Nigri; collectively they were in the highest relative abundance at 39%, and significantly more common in Saudi Arabian seeds than in American seeds. Aspergillus reduced seed germination and also reduced emergence when germinated and non-germinated seeds were planted in potting mix in a greenhouse. In contrast, Penicillium species were more common in American than in Saudi seeds; Penicillium did not affect germination, although it did have a positive effect on seedling emergence. In a second experiment with 17 seeds of the ‘Halawi’ cultivar, fungus-free seeds were either inoculated with isolates of Aspergillus sect. Nigri or not, and then planted. Controls emerged whereas Aspergillus-inoculated seeds did not. Finally, a third experiment was conducted with Aspergillus tubingensis Mosseray, a sect. Nigri member, as sole inoculum of 100 ‘Halawi’ seeds versus 100 uninoculated controls. Aspergillus tubingensis exerted the same pathogenic effects on germinating and emerging seedlings as the isolates identified only to Aspergillus sect. Nigri. Aspergillus tubingensis is thus a previously unreported, seedborne pathogen affecting date palm seedlings. Our findings also suggest that A. tubingensis may be more common in seeds in the host’s native range than in its introduced range.
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1. Introduction


Date palm, Phoenix dactylifera L., is a tree belonging to the family Arecaceae. Cultivars of this species have been cultivated for at least five millennia in desert oases from North Africa to Southwest Asia, including the Persian Gulf [1]. The date palm was introduced to Spain, and the Spanish, who in turn introduced date culture to North America, almost 300 years ago in the desert oasis of Mision San Ignacio of Baja California Sur in Mexico. It was subsequently introduced to other parts of the American Southwest (the states of California and Arizona) as well as to Australia, India, Pakistan, South Africa, and South America [2]. Over the years, the United States have imported much propagative material of date palm including seeds for the selection of cultivars [3,4]. Cultivars, once selected, are then propagated vegetatively. Many popular date cultivars are now grown in both the native and introduced ranges.



Plants often host fewer diseases where they are introduced versus where they are native; this is known as enemy release. Mitchell and Power [5] showed that this was true for certain obligate parasites that might be left behind in the native range when the plant is introduced elsewhere, such as rust fungi (Uredinales), powdery mildew fungi (Erysiphales), smut fungi (Ustilaginales), and viruses. Date palms are not known to host any rust or powdery mildew fungi anywhere in the world, but they do host a widespread, ‘falsesmut’ fungus (in Exobasidiales rather than Ustilaginales) [6]. However, other pathogens might also be more common in date palm’s native range than in its introduced range. Given vegetative propagation, the same cultivars (genotypes) can be contrasted in the two ranges, and here we consider that comparison for seed-borne pathogens of three cultivars of date palm.



We obtained seeds from the same cultivars sampled in both the native range and the American Southwest. Seeds of date palm are relatively large (from 0.5 to 4 g per seed) [7], and they can remain viable for an extraordinary period of up to 2000 years under certain climatic conditions of high temperatures and low precipitation [8]. Overall, 13 genera of fungi have been reported from seeds (Alternaria, Aspergillus, Bipolaris, Chaetomium, Curvularia, Fusarium, Penicillium, Phialophora, Rhizopus, Scytalidium, Thielavia, Trichoderma, and Ulocladium) [6], but none have been investigated for effects on seed germination and seedling emergence [9,10]. The objectives of this study were to determine the seedborne fungi in date palm seed of the same cultivars in Saudi Arabia and the American Southwest and then to determine the effects of these fungi on germination and the emergence of seedlings.




2. Materials and Methods


2.1. Seed Germination and Seedling Emergence


Seeds of three date palm cultivars (cv.) (‘Thoory’, ‘Halawi’, and ‘Barhi’) were obtained from local markets in Riyadh, Madinah, Albir, and Thadq in Saudi Arabia, and ordered online in the United States (seeds of cv. ‘Thoory’ from Oasis Date Gardens in Thermal, CA, USA; ‘Halawi’ from Sun Organic Farm in San Marcos, CA, USA; ‘Barhi’ from Fresh Date by Anderson in Thermal, CA, USA). All seeds were from fruits harvested in 2015. One hundred seeds of each of the three cultivars were from Saudi Arabia and 100 were from the American source. Thus, the total number of seeds was 600. All seeds were surface-disinfested by being dipped in 1% sodium hypochlorite for two minutes, and then washed in sterile distilled water (SDW) three times. Ten to 13 seeds were placed in each 25 cm Petri dish depending on the size of the seeds. In each dish, seeds were placed on a sterilized paper towel that had been moistened with 20 mL of SDW. SDW was also added as needed over time to prevent seeds from drying out and to allow seeds to germinate [9]. The plates were incubated at room temperature (22 °C) with continuous white fluorescent lights. After 10 days, seed germination and genus of fungal isolates were recorded every two days for 24 days. Representative isolates of fungal genera were recovered from each cultivar and maintained on potato dextrose agar (PDA). Ungerminated seeds and germinants were then moved to the greenhouse where they were planted in ‘Cone-tainers’ filled with Sunshine #1 potting mix (from Sungro Horticulture, 770 Silver Street, Agawam, MA 01001-2907). Seeds and germinants were kept in the greenhouse for 115 more days to observe seedling emergence. The greenhouse temperatures were maintained between 20 °C and 24 °C, with a 16 h:8 h, day:night cycle.




2.2. Identification of Seedborne Fungi


Fungi emerging from, or present on, surface-disinfested seeds were recorded and examined first by dissecting and then by a compound microscope to identify each to a genus. Appropriate mycological texts were consulted. A representative Aspergillus isolate from a Saudi Arabian date was subsequently identified to species level [11,12]. In short, the total genomic DNA was extracted and a part of the calmodulin (CaM) and β-tubulin (BenA) gene amplified and sequenced according to the method described in Samson et al. [12]. The generated sequences were compared against an in-house sequence database containing all Aspergillus and Penicillium reference sequences [11]. The isolate of A. tubingensis Mosseray used in our final experiment in this study was deposited in the CBS culture collection housed at the Westerdijk Fungal Biodiversity Institute under accession number CBS 144784.




2.3. Koch’s Postulates/Initial Aspergillus Experiment


After first observing the effects of fungi on seed germination and emergence in the initial, 600-seed experiment described above and identifying Aspergillus sect. Nigri isolates as putative pathogens, the latter were the focus of two experiments to test Koch’s Postulates. In this initial experiment, 17 seeds of ‘Halawi’ cultivar and 14 different isolates of Aspergillus sect. Nigri were used. Three seeds were uninoculated controls and 14 seeds were inoculated with the isolates; seeds were without any other seed-borne fungi. All seeds were initially surface-sterilized by dipping in 1% sodium hypochlorite for two minutes and then washed in SDW three times. Each seed was then placed in a 10-cm diameter Petri dish over a sterilized paper towel with 10 mL of SDW; more SDW was added as needed to prevent seeds from drying out and to allow seeds to germinate. Each of the 14 isolates was added to one of these 14 seeds as spore suspension (1 × 106 conidia per ml). The spore suspension was made by adding SDW by transfer pipette to the Aspergillus PDA plate and then the transfer pipette was used to add a small amount of spore suspension directly applied to the surface of each seed. Then, after 30 days, the seeds were transferred to the greenhouse. One of the control seeds had to be removed at this point in the experiment because of the appearance of another fungus (Penicillium) on the surface of the seed; one of the 14 inoculated seeds had to be removed for the same reason. The total number of seeds transferred to the greenhouse was thus 15 seeds: two controls and 13 inoculated with isolates of Aspergillus sect. Nigri. Seeds were planted in Cone-tainers with potting mix, and each seed was labeled. To observe emergence, seeds were kept in the greenhouse for 121 days with watering four days a week and the greenhouse conditions were kept at 20 to 24 °C, with a 16:8 day:night cycle.




2.4. Experiment with Aspergillus tubingensis


Koch’s Postulates were then repeated using 200 seeds of the ‘Halawi’ cultivar and A. tubingensis CBS 144,784 as the inoculum. One hundred seeds were used as controls and 100 seeds were inoculated with A. tubingensis (CBS 144784). All seeds were surface-sterilized by being dipped in 1% sodium hypochlorite for two minutes and then washed in SDW three times. Ten seeds were placed in each 25 cm Petri dish over a sterilized paper towel with 10 mL of SDW; more SDW was added as needed to prevent seeds from drying out and to allow seeds to germinate. The A. tubingensis isolate was added to these 100 seeds as spore suspension (1 × 106 conidia per ml). The spore suspension was prepared by adding SDW by transfer pipette to the A. tubingensis PDA plate and then with the transfer pipette a small amount of spore suspension was directly applied to the surface of each seed. Then, after 30 days, all seeds were transferred to the greenhouse to test the effects of A. tubingensis. Seeds were planted in Cone-tainers with potting mix, and each seed was labeled. Seeds were kept in the greenhouse for 121 days with watering four days a week and the greenhouse conditions were set to 20 to 24 °C with a 16:8 day:night cycle.




2.5. Statistical Analyses


Survival analysis was carried out to determine how fungi affected seedling emergence over time using RStudio version 3.6.0. Chi-square analyses were performed for 2 × 2 contingencies.





3. Results


One fungal species per seed was isolated in 54.5% or 327 of the 600 seeds. A further 238 seeds, or 39.7%, yielded no fungi. Just 35 (5.8%) of the seeds yielded two species per seed. A total of 397 fungal isolates were thus obtained, and these belonged to four genera: Alternaria, Aspergillus, Chaetomium, and Penicillium (Table 1). The relative abundance of each genus was as follows: 39.0% Aspergillus, 33.8% Penicillium, 18.4% Chaetomium and 8.6% Alternaria. The two most abundant genera, Aspergillus and Penicillium, were recorded to a varying extent in all cultivars from both Saudi Arabia and the American Southwest. Alternaria was relatively rare, and was only found in one cultivar, ‘Barhi’, in American seeds. Phenotypic diversity was observed in the detected Alternaria isolates, and 79% would have been identified as Ulocladium using the classical, phenotype-based classification system of those genera [13]. At this stage, the isolates of Aspergillus had been identified only as Aspergillus section Nigri.



Aspergillus section Nigri species were more common in Saudi (116 seeds) than American (39 seeds) sources (χ2 = 51.58, p < 0.0001). Penicillium sp. was the reverse: more common in American seed (i.e., 97 seeds) than Saudi (37 seeds) (χ2 = 14.57, p = 0.0001). Chaetomium sp., the genus with the third highest relative abundance (73 seeds from which isolates were obtained) was equally common in American (45) and Saudi (28) seed (χ2 = 2.02, p = 0.15).



Seed germination was recorded in the lab prior to planting all seeds, both germinated and non-germinated, in potting mix in the greenhouse to determine emergence. Germination in Petri dishes in the lab was affected by fungi associated with the seeds (Table 2; Figure 1). The growth of Aspergillus sect. Nigri reduced germination of seeds (χ2 = 22.13, p < 0.0001) and then also strongly reduced the emergence (Figure 2) when germinated and non-germinated seeds were planted in potting mix in a greenhouse (χ2 = 77.42, p < 0.0001). In contrast, the Penicillium species present did not affect germination (χ2 = 3.43, p = 0.06) although it did have a marginally positive effect on seedling emergence (χ2 = 5.52, p = 0.019). The third most abundant fungus in date seeds was a Chaetomium sp., which represented a third pattern of effects on germination and emergence. It slowed the germination of seeds (χ2 = 20.19, p < 0.0001) but did not reduce emergence (χ2 = 3.80, p = 0.051).



3.1. Koch’s Postulates/Initial Aspergillus Experiment


Seeds inoculated with different isolates of Aspergillus sect. Nigri were slower to emerge or did not emerge. The difference between the controls and the seeds with Aspergillus was as clear as it had previously been in the 600-seed experiment (Figure 1). Delayed emergence caused by Aspergillus sect. Nigri was again apparent after four months of observation, as it had been previously (Figure 2).




3.2. Experiment with Aspergillus tubingensis


One representative isolate of Aspergillus sect. Nigri (CBS 144784) was then identified as Aspergillus tubingensis using partial calmodulin and tubulin gene sequencing (BenA 99.8%; CaM 99.5%) (similarity percentages with the type strain of the species). When inoculated with this A. tubingensis isolate (CBS 144784), 100 seeds and then seedlings of cv. ‘Halawi’ were again negatively affected as seeds and seedlings had been in the 600-seed experiment or in the initial, ‘Koch’s Postulates’ experiment, where inoculation was with isolates identified only as Aspergillus sect. Nigri (Figure 3). Delayed emergence, in particular, was just as it had been before in the 600-seed experiment (Figure 3).





4. Discussion


Aspergillus tubingensis has never been reported from date palm before in any disease context. Our proof of Koch’s Postulates took several steps in the discovery, as just outlined. Briefly, we first saw that there was a cryptic pathogen among the black Aspergillus isolates. We then showed that single isolates from the group could reduce germination and emergence. Then, we showed that a representative isolate, expertly identified as A. tubingensis, and deposited in the world’s largest collection of living fungi as CBS 144784, could again reduce germination and emergence.



This is the first report of A. tubingensis as a pathogen of Phoenix dactylifera, to be added to the list of pathogens of date palm [14]. Aspergillus niger, on the other hand, another member of Aspergillus section Nigri [12,15], has been reported as a postharvest pathogen causing fruit rot in Spain [16,17]. In cases where A. tubingensis is known to be a plant pathogen, it has also been associated with fruit rot [18]. In a study of endophytes in maturing date palm fruit, Aspergillus becomes common in the pulp of the later stages, and A. tubingensis is the most common species [19,20]. This is in any case the second report of A. tubingensis as a pathogen beyond the association with fruit rot; the first report was that A. tubingensis is a leaf spot pathogen of Jatropha curcas in China [21]. If more emergence assays were performed with seedborne microbes it seems probable that more ‘cryptic pathogens’ would be discovered, even in genera such as Aspergillus. A similar example, albeit from a different genus, is the recent finding that Sydowia polyspora can act as a pre-emergent pathogen of Pinus ponderosa [22].



Many fungi have been implicated in fruit rot of date palm [9,23], including Aspergillus species belonging to the A. niger clade [17], and Penicillium spp. [23]. Bacteria appear to be less important, perhaps due to antibacterial compounds in date palm seeds [24], although some bacteria can have beneficial effects on the germination of date palm [25,26]. Yet, with respect to seed germination and seedling emergence, A. tubingensis and Penicillium sp. had opposing effects; the former with decidedly negative effects versus those of the latter that trended positively. This suggests that members of the fruit rot community switch to more specific and varied roles when it comes to seed germination and seedling performance.



Differences in the communities of seedborne fungi in native and introduced ranges have been reported before [27]. That the pathogenic A. tubingensis was more common in Saudi seeds than American counterparts of three date cultivars confirms the expectation of enemy release for a cryptic, pre-emergent pathogen. It is interesting that Penicillium species were more common in American seeds and exerted a positive effect on seedling emergence. Novel mutualisms such as that are sometimes seen in plants in their introduced ranges e.g., [28].



Most of the 600 seeds (94.2%) yielded either one fungus per seed (54.5% or 327 of the 600 seeds) or were fungus-free (238 seeds, or 39.7%). Only 5.8% yielded two fungi per seed. These findings confirm the hypothetical bottleneck in the plant microbiome that was recently proposed [29]. Two reasons have been invoked to explain such a bottleneck: optimal defense theory and exclusionary interactions among seed-infecting fungi [30]. According to the Primary Symbiont Hypothesis that is based on the bottleneck, the identity of each microbe in a seed then matters as effects on seedlings can change with primary symbiont identity. That is, in effect, what we saw in this study, as A. tubingensis had pathogenic effects that distinguished it from the other three genera of fungi isolated from seeds of date palm.
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Figure 1. Lack of germination and slow development caused by Aspergillus sect. Nigri (left) versus a typical, fungus-free seedling at same time (right). 
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Figure 2. Survival analysis of emergence of date palm seedlings with or without fungi in the 600-seed experiment. Note delayed emergence due to Aspergillus sect. Nigri. 
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Figure 3. Emergence of date palm seedlings from 100 seeds of cv. ‘Halawi’ inoculated with a single isolate of A. tubingensis, versus 100 seeds without A. tubingensis (controls). Note that the effect of A. tubingensis reproduces the effect on emergence that we saw in the prior experiment, which was attributed more loosely to Aspergillus sect. Nigri (Figure 2). 
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Table 1. Number of isolates of fungi per cultivar (Th, cv. ‘Thoory’; HA, cv. ‘Halawi’; Ba, cv. ‘Barhi’) and range (SA, Saudi Arabia; USA, American Southwest) for a total of 397 isolates per 600 seeds. Relative abundances are shown on the bottom line as percentages of the total number of isolates. Aspergillus here refers to Aspergillus sect. Nigri.
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	Alternaria
	Aspergillus
	Chaetomium
	Penicillium
	Unknown
	Total





	Th-SA
	0
	4
	14
	13
	1
	32



	Th-USA
	0
	8
	27
	73
	0
	108



	Ha-SA
	0
	45
	14
	19
	0
	78



	Ha-USA
	0
	6
	1
	2
	0
	9



	Ba-SA
	0
	67
	0
	5
	0
	72



	Ba-USA
	34
	25
	17
	22
	0
	98



	TOTAL
	34
	155
	73
	134
	1
	397



	Percentages
	8.56%
	39%
	18.38%
	33.75%
	0.25%
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Table 2. Effects of fungal status on germination of the 600 seeds in the lab followed by seedling emergence in potting mix in the greenhouse. Aspergillus here refers to Aspergillus sect. Nigri.
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	Status of Seed
	(# of Emerged Seedlings)
	(#Planted That Did Not Emerge)
	Average Number of Days for Emergence
	Number of Seeds Germinated in the Lab
	Number of Seeds That Did Not Germinate in the Lab





	Fungus-free
	166
	72
	62.55
	160
	78



	Penicillium
	86
	19
	63.31
	81
	24



	Penicillium with Aspergillus
	5
	7
	64.2
	9
	3



	Alternaria
	21
	10
	62.3
	25
	6



	Alternaria with Penicillium
	1
	1
	63
	1
	1



	Alternaria with Aspergillus
	0
	1
	-
	0
	1



	Penicillium with Chaetomium
	12
	3
	66
	10
	5



	Chaetomium
	44
	9
	67
	18
	35



	Aspergillus with Chaetomium
	4
	1
	72.75
	2
	3



	Aspergillus
	31
	106
	71.7
	58
	79



	Unknown fungi
	1
	0
	70
	1
	0



	Total
	371
	229
	
	365
	235
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