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ABSTRACT 

	ABSTRACT: The cultivars of coconuts (Cocos nucifera L.) are divided into two main groups: tall and dwarf. Tall palms are widely grown owing to their higher yield and superior nut traits. The most popular tall cultivar in Kerala is West Coast Tall (WCT). However, as the palm grows to a height of 15-20m farmer preference is gradually shifting to dwarf palms and research focus is on developing a dwarf palm with high yield and good quality nuts.   Reports indicate that WCT, due to its extensive cultivation in diverse agro-ecological conditions, has diverged into several ecotypes, one among which is ‘Annur’, a dwarf type with superior nut qualities, found in Kannur district of Kerala. Through interse mating between selected superior palms of ‘Annur’, further improvements in desirable traits were achieved and it was recently released as a variety, viz., ‘Annur improved dwarf’ by Kerala Agricultural University. Simultaneously, the selected palms were crossed with other dwarf palms (D × D hybridization) in 2005 that combined the dwarf ecotype Annur (ANR) with Malayan Yellow Dwarf (MYD) and Gangabondam (GB). The hybrids, along with parents and check varieties, were evaluated based on morphological, reproductive and nut characters and the data were analysed statistically. Yield traits were also recorded, though the palms are in the juvenile stage. An early evaluation of the hybrids highlights the superiority of the two combinations with shorter stature and improved nut quality compared to the parental and check varieties and WCT. The favorable traits include higher leaf length, copra content, kernel thickness and oil percentage, with ANR × MYD showing the highest oil content. The yield data also show a promising trend that needs to be further ascertained after the yield stabilizes. The results indicate their potential as promising hybrids that can enhance commercial coconut farming, especially under mechanized or intensive management systems, due to their short stature and high-quality nuts, combined with high yields.
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1. INTRODUCTION 

Coconut (Cocos nucifera L.) is a versatile and economically significant crop, widely cultivated in tropical regions for its various products, including copra, oil, and fresh nuts. Its cultivation supports livelihoods and plays a crucial role in the agricultural economy of many countries. By combining the superior qualities of different parental types, hybridization projects have become an effective approach in coconut breeding, increasing quality and output. The goal has been to combine the high yield and nut characters of tall palms with dwarf stature and early bearing traits of dwarf palms, producing T × D or D × T combinations, which are mostly semi tall. 
Kerala, the land of coconuts, have numerous coconut varieties under cultivation, but around 95 percent of the area under coconut in Kerala is under West Coast Tall (WCT) (Rajesh et al., 2014) due to the potential high yield, good quality copra and oil content. However, the tall nature of WCT (15-20 m height) makes the crop management and plant protection activities very difficult and the various socio-economic factors like labour shortage, higher cost of cultivation etc. compel the farmers to replace it with dwarf palms. Though dwarf palms are early bearing and with short stature (height less than 9m), they typically produce smaller nuts with thinner and softer kernel, lower oil content and have increased vulnerability to diseases and pests.  Hence reduction in height along with higher yield and superior quality nuts became the priority objectives in the crop improvement activities. In addition to the agronomic traits, the phenolic content of coconut varieties is of considerable nutritional significance, as phenolic compounds contribute to the antioxidant capacity and health-promoting properties of coconut (Nakorn et al., 2024).

As the available dwarf cultivars were having low quality nuts, search for a dwarf type with superior nut traits resulted in locating a dwarf palm from the coastal region of Kannur district, at a place called Annur, during 2005. Rajesh et al. (2014) reported that WCT, due to its extensive cultivation in diverse agro-ecological conditions, has diverged into different ecotypes. The comparative study of WCT and its various ecotypes conducted by them using Simple Sequence Repeat (SSR) markers revealed the Annur ecotype to be closer to WCT than Bedakam ecotype.
Using this dwarf ecotype of WCT, a breeding programme was initiated in 2006-2008 by the Coconut Mission under Kerala Agricultural University. Through interse mating between selected superior palms of ‘Annur’, further improvements in desirable traits were achieved and it was recently released as a variety viz., ‘Annur improved dwarf’ by Kerala Agricultural University. Simultaneously, the selected palms of ‘Annur’ were crossed with other dwarf palms (D × D hybridization) like Malayan Yellow Dwarf (MYD) and Gangabondam (GB), two dwarf varieties known for their compact growth, high yield and early maturity and the hybrid seedlings were planted in the field of Regional Agricultural Research Station, Pilicode, Kasaragod, KAU. The aim of developing these hybrids was to maximize both productivity and quality, combined with early maturity and ease of farm operations, thus making them suitable for commercial coconut farming. 
The present study involves the field evaluation of D × D coconut hybrids, wherein observations were recorded as per the coconut descriptor (IPGRI, 1995). Among these, the hybrid combinations ANR × MYD and ANR × GB exhibited promising performance with respect to vegetative, reproductive, and nut characters. As all the parents are dwarf, the hybrids inherited the dwarf traits. The primary objective of the present research programme was to determine if the unique genetic background of ‘Annur’ could produce hybrids that successfully integrate a stable dwarf stature with the high nut yield and copra quality characteristic of its tall progenitor, WCT, thereby overcoming the typical limitations associated with dwarf palms.

2. material and methods 

In the hybridisation programme, one of the parents was ‘Annur’ ecotype of WCT, which exhibited a dwarfing nature but with nut characteristics that were akin to those of WCT detected in 2005.  Among such palms identified, superior ones were selected and crossed among themselves (interse) and were simultaneously crossed with GB and MYD during 2006–2008. The inter se and hybrid seedlings were raised at the Regional Agricultural Research Station (RARS), Pilicode, under Kerala Agricultural University (KAU), and field-planted in 2009. The palms exhibited their first flowering in 2013, indicating a precocious bearing period of about four years.

2.1 Palm details

The present study was conducted at the College of Agriculture, Padannakkad and RARS, Pilicode during the years 2021 to 2023. The experimental material comprised of palms in the cross combination of Annur × Gangabondam (ANR × GB) and the cross Annur × Malayan Yellow Dwarf (ANR × MYD). These were compared with the parental genotypes viz., Annur interse palms (ANR), Malayan Yellow Dwarf (MYD), Gangabondam (GB), the check varieties West Coast Tall (WCT) and two released T × D hybrids, Kerasree (WCT × MYD) and Keraganga (WCT × GB), which allowed for a direct comparison of the new D × D hybrids with established hybrids derived from similar parental lines except for the dwarf nature.  The hybrid palms have not yet reached the yield-stabilizing phase. The palms are maintained in the field at a spacing of 7.5m x 7.5m and following the Package of Practices of Kerala Agricultural University (KAU, 2011). 

2.2 Morphological and yield evaluation

In order to assess the growth pattern of the palms morphological observations were taken for characters like height of the palm in metres, girth of the palm, internode length, number of leaves present in the crown and rate of leaf production (Table 1). The yield traits included the number of bunches in the palm, number of nuts per bunch, number of nuts per palm (Table 2). The nut yield per palm was recorded periodically at each harvest in a year and the data was pooled to get nut yield per palm per year. Nut and yield-related traits were evaluated by harvesting mature nuts and observations on nut characters as per standard descriptors were recorded on five nuts per palm for eleven characters (Table 3). Oil content was determined from dried, powdered copra from each sample using the Soxhlet extraction method with petroleum ether (boiling point 60–80 °C) as the solvent. The oil content was expressed as a percentage of the dry weight of the copra (Table 4). The total phenolic content (TPC) was estimated from kernel extracts using the Folin-Ciocalteu colorimetric method and expressed as milligrams of gallic acid equivalents per 100 grams (mg GAE 100g⁻¹)

2.3 Statistical analysis
The mean data for all traits were subjected to one-way Analysis of Variance (ANOVA) to test for significant differences among genotypes. Treatment means were subsequently compared. All statistical analyses were performed using GRAPES software version 1.0.0 (Gopinath et al., 2020). 
 
2.3.1 Heterosis calculation
Heterosis was estimated for key traits in terms of mid-parent, better-parent, and standard heterosis. 

Mid-parent heterosis (MPH) was calculated as
Better-parent heterosis (BPH) was calculated as
, where BP is the value of better parent  
Standard heterosis (SH) was calculated as
 where SH is value of the standard (commercial) check
3. results and discussion

Coconut is highly heterozygous in nature. The evaluation of hybrids along with parents and the check varieties revealed significant variation among the genotypes for important vegetative, reproductive and nut characters.
 
3.1 Vegetative characters

3.1.1 Dwarfness

The primary objective of this breeding program was to develop hybrids with dwarf stature. In the present study, it was observed that the hybrid ANR × MYD palms had an average height of 3.58 m, while the ANR × GB palms had an average height of 3.39 m, which was observed to be shorter than their parents (Table 1, Fig. 1). Both hybrids exhibited exceptionally high and desirable negative heterosis for plant height (Table 5). The check varieties WCT (17.90 m), Keraganga (KG) (9.22 m), and Kerasree (KS) (9.15 m) were taller than the hybrids and the dwarf parents. The ANR × GB hybrid recorded a heterobeltiosis of -20.97 percent and a standard heterosis of -63.23 percent, while the ANR × MYD hybrid showed values of -25.17 percent and -60.87 percent, respectively. This high negative heterosis for height, particularly the standard heterosis, is of immense agronomic importance. This indicates that the new D × D hybrids are more than 60 percent shorter than the standard checks Kerasree (WCT × MYD) and Keraganga (WCT × GB), both popular T × D hybrids. This may be due to the high heritability of the trait dwarfness, as suggested by Haldane (1958). Such a significant reduction in height offers practical advantages, including easier harvesting and plant protection measures, reduced vulnerability to wind damage in cyclone-prone regions (Arunkumar et al., 2024), and potential for higher-density planting systems.



Fig. 1. Comparative stature of 'Annur' ecotype D × D hybrids against parents, standard checks, and West Coast Tall (WCT)
 
3.1.2 Trunk
The girth of palm at 20 cm height differed significantly ranging from 61.00 cm (MYD) to 150.00 cm (WCT). The girth at 20 cm height was highest for WCT (150.00 cm), which was on par with Annur (126.62 cm) and its hybrid with MYD (117.89 cm) while its cross with GB had a lower girth of 111.92 cm. This clearly indicates the presence of bole in the dwarf palm ‘Annur’, which is a rare occurrence in dwarfs, demonstrating its closeness with WCT. The character has been transmitted to its progenies also during hybridisation. 

The girth of the palm at 1.5 m height ranged from 57.00 cm (MYD) to 94.00 cm (WCT). The highest value for girth of palm at 1.5 m height was observed for WCT (94.00 cm) and was on par with parent GB (82.00 cm) and check variety KS (78.00 cm). The trunk girth of parent ‘Annur’ and both its hybrids (with MYD and with GB) were on par, ranging from 72.77 cm - 74.55 cm, while the least value was observed for the parent MYD (57.00 cm). This indicates the vigorous growth of Annur and its hybrids compared to that of the dwarf parent MYD.
 
The ratio between girth at 20 cm and girth at 1.5 m height, an indicator of trunk tapering, did not have any significant variation among the genotypes (Table 1). The ratio was highest for Annur (1.70) followed by WCT and hybrid ANR × GB (1.60), further reinforcing the visible resemblance of Annur to WCT and the successful inheritance of this trait in its progeny. The check variety Kerasree (KS), a Tall × Dwarf hybrid, had a much lower ratio of 1.23, indicating less tapering than the Annur hybrids. In the ANR × MYD hybrid, the ratio was intermediate (1.54), suggesting a strong influence from the non-tapering dwarf parent MYD. 

For internode length, the values ranged from 2.90 cm (MYD) to 7.70 cm (WCT). A key observation was the performance of the dwarf parent Annur, which recorded a long internode length of 6.40 cm, a value statistically on par with the tall variety WCT (7.70 cm). Both Annur hybrids exhibited intermediate internode lengths (4.67 cm for ANR × MYD, 5.01 cm for ANR × GB), which were significantly longer than those of the check varieties KS (3.50 cm) and KG (3.80 cm). Although longer internodes generally suggest a tendency for increased stem elongation, the ultimate height of a coconut palm is a complex trait influenced by both internode length and the rate of leaf production (RLP). In this study, even though the Annur ecotype and its hybrids showed the tendency for longer internodes, both Annur × MYD and Annur × GB hybrids were significantly shorter in overall height compared to the taller check varieties. This indicates that other genetic factors regulating vertical growth rate, likely inherited from the dwarf parents, have a stronger influence on the final dwarf stature of these hybrids. Additionally, these hybrids presented a pronounced bole with increased girth, suggesting an allocation of growth resources toward radial expansion rather than height. This observation aligns with previous reports where hybrids involving dwarf palms like MYD exhibited shorter internodes, while parents with longer internodes produced hybrids with long internode lengths (Vijay et al., 2017). It is also well documented that internode length tends to be longest in younger palms and decreases gradually as palms mature, indicating developmental modulation of stem elongation over time.

Petiole length also differed significantly among the genotypes, with the parent Annur recording the longest petioles (145.62 cm). Its hybrids, ANR × GB (138.77 cm) and ANR × MYD (134.89 cm), also produced very long petioles, performing on par with the parent GB (137.00 cm) and the check variety KG (133.00 cm). This finding further reinforces that the Annur ecotype, despite its dwarf habit, carries and transmits genetic traits for large appendages, similar to its tall WCT ancestry.

3.1.3 Leaf

 Significant variation was observed for leaf length among the genotypes (Table 1). The leaf length varied from 365.00 cm (WCT) to 521.21 cm (Annur). This contradicts the general condition where, leaf length and petiole length are higher in tall genotypes than in dwarf (Suchithra and Paramgaru, 2019), but compact crown in WCT can be considered as an adaptive trait that allows efficient maintenance of canopy balance at greater palm height as discussed by Nampoothiri et al. (2000). The leaf length was highest for Annur (521.21 cm) and was on par with the check variety KG (518.00 cm), hybrid ANR × MYD (481.44 cm) and ANR × GB (479.15 cm). 
The number of green leaves also differed significantly among the genotypes. The hybrids ANR × GB (21.86) and ANR × MYD (21.80) maintained similar numbers of leaves, which were lower than their respective male parents and check varieties, but were comparable to their female parent, Annur (21.18). The rate of leaf production, however, did not show a significant difference among the genotypes. Numerically, the hybrid ANR × GB produced approximately 1.12 leaves per month, while ANR × MYD produced 1.00 leaf per month. The number of healthy leaves is critical for productivity, as each leaf axil supports an inflorescence and the leaf petiole provides physical support for the maturing bunch until harvest, thereby contributing to fruit set and yield stability (Foale, 2003; Batugal et al., 2009).

Table 1. Vegetative characteristics of ‘Annur’ hybrids, parents and checks
	Genotype
	Height of palm (m)
	Girth at 20 cm height (cm)
	Girth at 1.5 m height (cm)
	Ratio of girth (20 cm / 1.5 m)
	Internode length (cm)
	Petiole length (cm)
	Leaf length (cm)
	Number of green leaves
	RLP

	ANR × GB
	3.39ᶠ
	111.92ᵇᶜ
	72.77ᶜ
	1.60
	5.01ᵇᶜ
	138.77ᵃ
	479.15ᵃᵇ
	21.86ᵈ
	1.12

	ANR × MYD
	3.58ᵉ
	117.89ᵇ
	73.39ᶜ
	1.54
	4.67ᵇᶜᵈ
	134.89ᵃ
	481.44ᵃᵇ
	21.75ᵈ
	1.00

	Annur
	4.53ᵈᵉ
	126.62ᵇ
	74.55ᵇᶜ
	1.70
	6.40ᵃᵇ
	145.62ᵃ
	521.21ᵃ
	21.18ᵈ
	1.29

	Gangabondam
	6.57ᶜ
	111.00ᵇᶜᵈ
	82.00ᵇ
	1.35
	3.70ᶜᵈ
	137.00ᵃ
	410.00ᶜᵈ
	30.19ᵃᵇ
	1.25

	MYD
	5.76ᶜᵈ
	61.00ᵉ
	57.00ᶜ
	1.07
	2.90ᵈ
	110.00ᵇ
	366.00ᵈ
	24.81ᶜ
	1.14

	Keraganga
	9.22ᵇ
	93.00ᵈ
	73.00ᶜ
	1.27
	3.80ᶜᵈ
	133.00ᵃ
	518.00ᵃ
	30.47ᵃ
	1.38

	Kerasree
	9.15ᵇ
	96.00ᶜᵈ
	78.00ᵇᶜ
	1.23
	3.50ᶜᵈ
	109.00ᵇ
	443.00ᵇᶜ
	28.50ᵇ
	1.44

	WCT
	17.90ᵃ
	150.00ᵃ
	94.00ᵃ
	1.60
	7.70ᵃ
	108.00ᵇ
	365.00ᵈ
	22.44ᵈ
	1.20

	Mean
	5.89
	110.72
	74.55
	1.48
	4.78
	131.15
	460.79
	25.15
	1.23

	SE (m)
	0.45
	7.79
	2.64
	0.35
	0.79
	5.57
	19.10
	0.60
	0.18

	CD (0.05)
	1.30
	22.45
	7.60
	NS
	2.28
	16.03
	55.01
	1.81
	NS

	CV (%)
	13.24
	12.19
	6.13
	41.38
	28.70
	7.35
	7.18
	4.11
	25.77


ᵃ–ᶠ Means followed by the same letter(s) in a column do not differ significantly (P < 0.05); NS = Non-significant; CD = Critical difference; CV = Coefficient of variation; RLP = Ratio of leaf production.
3.2 Reproductive traits 
	
The analysis revealed significant variation (P≤0.05) among the genotypes (hybrids, parents, and checks) for most of the reproductive and yield-related traits, including the total number of inflorescences, female flower production, and all primary yield components (Table 2). While the Annur ecotype and its hybrids may not have reached their maximum bearing capacity (14 years old while recording the observations), the reproductive and yield traits were recorded and compared to that of the parents GB and MYD as well as check varieties (17years old) in order to have an assessment of their yield potential. 
For the total number of inflorescences in the crown, the highest value was recorded in the parent Annur (14.29) which is on par with that of GB (14.25) and the hybrid ANR × GB (13.05). The lowest was observed in MYD (6.75) and consequently, for the hybrid ANR × MYD the number is slightly lower (12.35) but superior to the checks KG (11.34) and KS (11.78). A similar trend was observed for the number of unopened inflorescences, where the hybrids ANR × GB (2.39) and ANR × MYD (2.23) again surpassed the checks.
Regarding female flower production, the highest number per inflorescence was recorded in the check varieties, KG (31.13) and KS (31.56). The hybrid ANR × MYD produced an average of 17.52 female flowers, while ANR × GB produced 16.28. For the critical trait of flower retention one month after pollination, the check variety KS was superior (21) and was on par with KG (19.80), while the hybrids ANR × GB (7.49) and ANR × MYD (7.40) retained a number of flowers comparable to the parent Annur (7.29). This may be because the two hybrids have not attained the yield stabilisation.

3.3 Yield parameters

For the primary economic trait, yield (nuts per palm per year), significant variation was observed (Table 2). The highest yield was recorded by the check variety KS (104.25), on par with KG (101.50), while the parent MYD recorded the lowest (49.50). The hybrid ANR × MYD produced a higher yield (59.61 nuts/year) than ANR × GB (52.26 nuts/year). This superior performance of ANR × MYD was primarily driven by a significantly higher number of nuts per bunch (6.41 for ANR × MYD while 5.44 for ANR × GB), as both hybrids produced a similar number of bunches per year (8.75 and 9.06, respectively). The performance of the hybrids, which surpassed the parent MYD in both yield and bunches per year, is consistent with the higher rate of leaf production previously observed in these hybrid palms.

Table 2. Reproductive characteristics of ‘Annur’ hybrids, parents, and checks

	Genotype
	Total inflorescences in crown
	Unopened inflorescences
	Female flowers per inflorescence
	Female flowers after 1 month
	Bunches per palm/year
	Nuts per bunch
	Nuts per palm/year

	ANR × GB
	13.05ᵃᵇ
	2.39ᵃ
	16.28ᶠ
	7.49ᵈ
	9.06ᵇᶜᵈ
	5.44ᶜ
	52.26ᶜ

	ANR × MYD
	12.35ᵇᶜ
	2.23ᵃᵇ
	17.52ᵉᶠ
	7.40ᵈ
	8.75ᶜᵈᵉ
	6.41ᵇᶜ
	59.61ᵇᶜ

	Annur
	14.29ᵃ
	2.48ᵃ
	18.89ᵉ
	7.29ᵈ
	11.06ᵃ
	6.94ᵇ
	68.13ᵇ

	GB
	14.25ᵃ
	1.56ᶜ
	26.94ᶜ
	14.13ᶜ
	8.50ᵈᵉ
	6.86ᵇ
	58.00ᵇᶜ

	MYD
	11.34ᶜ
	1.94ᵃᵇᶜ
	31.13ᵃ
	19.80ᵃ
	10.50ᵃᵇᶜ
	9.66ᵃ
	101.50ᵃ

	Keraganga
	11.78ᵇᶜ
	2.00ᵃᵇᶜ
	31.56ᵃ
	21.00ᵃ
	10.75ᵃᵇ
	9.81ᵃ
	104.25ᵃ

	Kerasree
	6.75ᵈ
	1.50ᶜ
	28.81ᵇ
	15.33ᶜ
	7.00ᵈ
	7.07ᵇ
	49.50ᶜ

	WCT
	11.94ᵇᶜ
	1.75ᵇᶜ
	23.10ᵈ
	18.00ᵇ
	9.50ᵃᵇᶜᵈ
	9.60ᵃ
	91.50ᵃ

	Mean
	11.97
	1.98
	24.28
	13.93
	9.39
	7.72
	73.09

	SE (m)
	0.49
	0.19
	0.62
	0.40
	0.63
	0.33
	4.54

	CD
	1.49
	0.57
	1.87
	1.22
	1.92
	1.01
	13.77

	CV
	7.11
	16.48
	4.41
	4.99
	11.69
	7.49
	10.76


ᵃ–ᶠ Means followed by the same letter(s) in a column do not differ significantly (P < 0.05); NS = Non-significant; CD = Critical difference; CV = Coefficient of variation.


3.4 Nut and Kernel

While comparing the different genotypes of coconut it was reported that morphological traits (vegetative and floral characters) are more influenced by the environment than the nut characters. Hence, the comparison based on nut characters is advantageous for characterizing different coconut populations.
In the present study, significant variation was observed for nut characters for the eight genotypes (Table 3). The size of unhusked nut varied significantly among the eight genotypes. MYD was having the largest nuts (pole to pole circumference, PP, 61.70 cm and equatorial circumference, EQ, 51.24 cm), fruit weight with husk (FW) (1205.80 g) and quantity of liquid endosperm (QLE) (210.00 ml). The hybrid cross combinations were having intermediate nut size as compared to their parents. However, they were significantly larger than that of ‘Annur’ and on par with the checks. The smaller sized nuts in ‘Annur’ (48.60cm and 39.82cm respectively) compared to WCT (55.46cm and 43.24cm respectively) was a disadvantage which is further improved by the hybridisation programme. 

 This trend continued for fruit weight. The parents MYD (1205.80 g) and GB (1178.00 g) recorded the highest unhusked fruit weights, while Annur had a much lower value (791.60 g). The hybrids expressed intermediate values for fruit weight (FW), nut weight (NW), and shell and meat weight (SMW). This indicates a successful combination of genes, upgrading the smaller nut components of Annur while retaining a desirable overall nut quality. The improvement in kernel yield was further evidenced by the kernel thickness (KT), where both hybrids (ANR × GB: 1.28 cm, ANR × MYD: 1.25 cm) were statistically on par with the best-performing parent, GB (1.32 cm).

The quantity of liquid endosperm (nut water) was highest in Malayan Yellow Dwarf (MYD) at 210 ml, correlating with its highest fruit weight. This relationship supports previous findings that genetic factors promoting larger fruit size concurrently increase liquid endosperm volume (Baudouin et al., 2006). Total Soluble Solids (TSS), an indicator of sweetness measured which ranged from 3.68 °Bx in Annur to 5.02 °Bx in Keraganga (KG), with hybrids ANR × GB (4.47 °Bx) and ANR × MYD (4.12 °Bx) exhibiting intermediate values.  However, these differences were not statistically significant across genotypes.

The observed absence of significant variation in sugar content may be explained by the inverse relationship during maturation between sugar and oil content—the sugar content in nut water and kernel gradually decreases as oil content increases (Kamaladevi and Velayutham, 1978). This relative change follows a similar pattern across varieties, likely contributing to the uniformity in sugar content observed among genotypes.

[bookmark: _Hlk205548022]Table 3. Nut characteristics of ‘Annur’ hybrids, parents, and checks
	Genotype
	EQ
	PP
	FW
	NW
	SMW
	QLE
	TSS
	KT

	ANR × GB
	44.85ᵇ
	53.36ᶜ
	948.26ᶜᵈ
	446.73ᶜᵈ
	368.77ᵇᶜ
	69.43ᵈᵉ
	4.47
	1.28ᵃ

	ANR × MYD
	45.34ᵇ
	53.09ᶜ
	995.80ᵇᶜᵈ
	476.76ᶜᵈ
	380.76ᵇᶜ
	83.31ᵈ
	4.12
	1.25ᵃᵇ

	Annur
	39.82ᶜ
	48.60ᵈ
	791.60ᵈᵉ
	402.00ᵈᵉ
	306.60ᶜᵈ
	93.80ᶜᵈ
	3.68
	1.16ᵇᶜ

	Gangabondam
	46.32ᵃᵇ
	60.40ᵃᵇ
	1178.00ᵃᵇ
	693.20ᵃ
	516.20ᵃ
	161.40ᵇ
	4.20
	1.32ᵃ

	MYD
	51.24ᵃ
	61.70ᵃ
	1205.80ᵃ
	655.60ᵃᵇ
	424.20ᵇ
	210.00ᵃ
	4.04
	1.10ᶜ

	Keraganga
	39.12ᶜ
	52.86ᶜᵈ
	659.80ᵉ
	305.20ᵉ
	279.80ᵈ
	31.60ᵉ
	5.02
	1.28ᵃ

	Kerasree
	43.30ᵇᶜ
	53.88ᶜ
	967.80ᵇᶜᵈ
	484.60ᶜᵈ
	396.60ᵇ
	81.00ᵈ
	4.22
	1.22ᵃᵇ

	WCT
	43.24ᵇᶜ
	55.46ᵇᶜ
	1122.60ᵃᵇᶜ
	533.00ᵇᶜ
	399.00ᵇ
	131.60ᵇᶜ
	4.66
	1.24ᵃᵇ

	Mean
	44.34
	54.56
	979.79
	490.58
	383.99
	100.59
	4.30
	1.23

	SE (m)
	1.83
	1.73
	81.69
	45.29
	30.70
	16.46
	0.34
	0.04

	CD
	5.23
	4.94
	232.99
	129.18
	87.54
	46.95
	NS
	0.11

	CV
	9.24
	7.10
	18.64
	20.64
	17.98
	36.59
	17.77
	7.00


ᵃ–ᶠ Means followed by the same letter(s) in a column do not differ significantly (P < 0.05); NS = Non-significant; CD = Critical difference; CV = Coefficient of variation; EQ = Equatorial circumference (cm); PP = Pole to pole circumference (cm); FW = Fruit weight (g); NW = Nut weight (g); SMW = Shell and meat weight (g); QLE = Quantity of liquid endosperm (mL); TSS = Total Soluble Solids (ºBx); KT = Kernel thickness (cm).
Significant variation was observed for copra content among the genotypes, ranging from 214.80 g in Gangabondam (GB) to 121.60 g in Keraganga (KG) (Table 4). The hybrid combinations showed copra content on par with that of GB. Notably, the hybrid ANR × MYD exhibited the highest oil content (68.14%), surpassing both parents, exhibiting high positive relative heterosis, heterobeltiosis and standard heterosis for this character while high positive relative heterosis and heterobeltiosis was exhibited for copra content (Table 5, Fig. 2).  The remarkably better-parent heterosis in ANR × MYD for both copra and oil content underscores genuine hybrid vigor—surpassing not only the parental average but also the better parent. 
Table 4. Biochemical characteristics of ‘Annur’ hybrids, parents, and checks
	Genotype
	Copra content (g)
	Oil content (%)
	Total Phenol Content (mg GAE 100g-1)

	ANR × GB
	186.83ᵃᵇ
	67.27ᵃᵇ
	83.55ᵃᵇ

	ANR × MYD
	186.44ᵃᵇ
	68.14ᵃ
	76.44ᵃᵇᶜ

	Annur (ANR)
	126.00ᶜ
	64.68ᵇᶜ
	85.81ᵃᵇ

	Gangabondam
	214.80ᵃ
	67.64ᵃᵇ
	61.02ᶜᵈ

	MYD
	125.20ᶜ
	59.45ᵈ
	66.44ᵇᶜᵈ

	Keraganga
	121.60ᶜ
	59.46ᵈ
	89.82ᵃ

	Kerasree
	208.00ᵃᵇ
	62.57ᶜᵈ
	56.86ᵈ

	WCT
	171.60ᵇ
	65.61ᵃᵇᶜ
	54.58ᵈ

	Mean
	171.69
	65.05
	75.23

	SE (m)
	14.16
	1.33
	7.96

	CD
	40.40
	3.80
	22.97

	CV
	18.45
	4.58
	18.33


ᵃ–ᶠ Means followed by the same letter(s) in a column do not differ significantly (P < 0.05); NS = Non-significant; CD = Critical difference; CV = Coefficient of variation.
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Fig. 2. Mean performance of hybrids of Annur with parents and check varieties for copra content and oil content

Similarly, for copra content, ANR × GB exhibited positive relative (9.64%) and standard heterosis (53.64%), but negative heterobeltiosis (−13.02%). The performance of ANR × GB, although not exceeding the elite male parent GB in copra content, showed significant standard heterosis for copra (53.64%) and oil (13.13%), indicating improvement over commercial check varieties. Hence, despite negative better-parent heterosis, this hybrid remains commercially valuable.

These findings align with previous reports of copra and oil yield improvements in MYD × WCT and GB × WCT hybrids, where heterosis breeding enhanced key quality traits ( Nampoothiri and Parthasarathy, 2019). The data collectively confirm the potential of Annur-based dwarf hybrids in elevating copra and oil production traits through heterosis. the dwarf × tall hybrids are characterized by desirable agronomic traits including early bearing, larger fruit size, and improved copra yield (Novarianto, et al., 2016).

In the present evaluation of coconut hybrids, substantial variation was observed in total phenolic content (TPC) among the genotypes. Keraganga, serving as the check variety, recorded the highest TPC (89.82 mg GAE/100g), while hybrids ANR × MYD and ANR × GB also demonstrated elevated TPC values (76.44 and 83.55 mg GAE/100g, respectively). These results indicate that certain hybrids possess enhanced antioxidant capacity relative to several parental lines, reflecting the influence of genetic background on the accumulation of phenolic compounds in coconut kernel. Such genotypic variation in TPC is consistent with previous studies, which have reported significant differences in phenolic content across coconut cultivars and hybrids (Mahayothee et al., 2016; Arivalagan et al., 2018). Phenolic compounds are well recognized for their antioxidant properties, contributing substantially to the nutritional and functional value of coconut products. Higher phenolic content is associated with improved health benefits, including protection against oxidative stress and related metabolic disorders (Mahayothee et al., 2016). The findings of this study underscore the importance of selecting coconut hybrids not only for agronomic traits such as yield and oil content, but also for superior nutritional quality. The elevated TPC observed in certain hybrids suggests that breeding strategies targeting both productivity and enrichment of bioactive compounds can enhance the value of coconut as a functional food, supporting its role in health-promoting diets.
[bookmark: _Hlk205548210]
Table 5. Heterosis exhibited by the coconut hybrids from ‘Annur’ ecotype for short stature and kernel quality
	Hybrid combination
	Trait
	Relative heterosis (%)
	Heterobeltiosis (%)
	Standard heterosis (%)

	ANR × MYD
	Height (m)
	-30.42
	-25.17
	-60.87

	
	Copra content (g)
	48.44
	47.97
	-10.37

	
	Oil content (%)
	9.79
	5.35
	8.90

	
	TPC
	0.41
	-10.92
	34.45

	ANR × GB
	Height (m)
	-38.92
	-20.97
	-63.23

	
	Copra content (g)
	9.64
	-13.02
	53.64

	
	Oil content (%)
	1.68
	-0.54
	13.13

	
	TPC
	13.81
	-2.63
	-6.98




4. Conclusion

Short-statured palms with high yield and good quality nuts with increased copra and oil yield are desirable in coconut cultivation. In the present study, ‘Annur’ based D × D hybrids combine dwarf stature, early flowering with significant improvement in nut size, nut quality, including higher copra content and oil yield over the dwarf parent ‘Annur’. This shows that the hybridisation of Annur with other dwarfs improved the nut characters thus combining the dwarf nature with superior nut qualities making the hybrids an excellent choice for future coconut plantations.   The hybrids are of short stature, even when compared to the dwarf parents and around 60 percent shorter than the popular TxD hybrids used as checks. Copra content and oil content showed high positive relative heterosis in both hybrids. The hybrid Annur × Gangabondam showed highly significant value and positive heterosis for both copra and oil in comparison to its check Keraganga (WCT × Gangabondam).  The hybrid Annur × MYD was superior to its check Kerasree (WCT × MYD) with respect to oil content and showed high heterbeltiosis with respect to both copra and oil content. 
The palms are presently in the 11th year of flowering and to assess the full potential of the hybrids, observations are to be carried out for a few more years till they attain yield stabilization. These hybrids, demonstrating strong potential for short stature, better nut characters and high quality of kernel, are in the pipeline for release after assessing the yield potential in the coming years.
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Height comparison of coconut palms

Height of palm (m)	ANR × GB	ANR × MYD	Annur	Gangabondam	MYD	Keraganga	Kerasree	WCT	3.39	3.58	4.53	6.57	5.76	9.2200000000000006	9.15	17.899999999999999	Genotypes


Average palm height (m)




Copra content (g)	ANR x GB	ANR x MYD	Annur (ANR)	Gangabondam	Malayan Yellow Dwarf	Keraganga	Kerasree	West Coast Tall	186.83	186.44	126	214.8	125.2	121.6	208	171.6	Total Phenol Content (mg GAE/ 100g)	ANR x GB	ANR x MYD	Annur (ANR)	Gangabondam	Malayan Yellow Dwarf	Keraganga	Kerasree	West Coast Tall	83.55	76.44	85.81	61.02	66.44	89.82	56.86	54.58	Oil content (%)	ANR x GB	ANR x MYD	Annur (ANR)	Gangabondam	Malayan Yellow Dwarf	Keraganga	Kerasree	West Coast Tall	67.27	68.14	64.680000000000007	67.64	59.45	59.46	62.57	65.61	Genotypes


Copra content (g)


Oil content (%)





