



A review on Physiological and Molecular Basis of Alternate Bearing in Perennial Fruit Crops

Abstract:
[bookmark: _GoBack]Regular flowering is the key event that determines the reproductive success and production of perennial fruit crops. Different elements, including environment, germplasm, rootstocks, and the cultural practises, might have an impact on successful bearing. In perennial fruit crops, the phenomena of erratic bearing is more prevalent. Therefore, it is crucial to control the flowering phenology in order to assure regular yield of high-quality fruits. The goal of the current review is to understand the physiological and molecular aspects of regular and alternate bearing along with the impact of different factors on perennial fruit crops.  
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Introduction:
In perennials the flowering is complex and cannot be determined by a single trait. The dynamics of climate change, the prevalence of pests and diseases, the lack of effective rootstocks, irregular bearing, etc., all seem to be contributing causes to the reduction in production. But economically the alternate cropping pattern is an important problem for fruit growers in worldwide. In perennial fruit crops, reproductive competence varies between meristems. When the shoot apical meristems are exposed to favourable environmental conditions (flower inductive stimulus), they differentiate into inflorescence meristem to produce the flowers.
Alternate bearing is a trait in which trees produce heavy crop load or producing many flowering branches in one year and low crop yield or fewer flowering branches in following year (1). The fruit crops shows alternate bearing when the time of flower bud formation usually overlaps with the time of embryo development i.e., the developing fruits diverting the nutrients from the flower bud. Krishna (2) reported that, GA3 produced in the developing seeds have been proposed to inhibit the flower bud differentiation in neighbouring meristems. A variety of factors, including dormancy, the timing of flower formation, flowering behaviours, set-abscission correlations, the length of the fruit development stages relative to vegetative activities, and many others indicate alternation in cropping (3). 
The index for estimating the deviation in yield during consecutive years was given by Hoblyn in 1936. Then Wilcox named this Index as the Biennial Bearing Index (BBI) in 1944 (4). The trend of fruit yields over orchards, individual trees, or branches has been extensively studied using the BBI. This index is determined by dividing the total of all tree yields by the variations over successive years. It has been used in so many fruit crops like apple (5), mango (6), citrus (7), pecan nut (8), and pistachio (9). It requires three years for evaluating the alternative bearing in adult trees. The higher index value shows the higher alteration in bearing. Then researchers created the “Modified Alternate Bearing Index” (MABI), a new index that defines alternate bearing by including cultivar flower production. 
Factors responsible for alternate bearing:
Flowering in perennial fruit crops is controlled by different endogenous and exogenous factors. For example, endogenous factors like C:N ratio (Carbohydrates reserves), competition between vegetative and reproductive sinks, genotype differences, hormonal imbalance and interaction with other organs etc. and exogenous factors like temperature, light, relative humidity, water stress affect the flower formation in different fruit crops (10). 
1.Cultivars / Varieties:
The bearing tendency varies between the families, genera, species and cultivar to cultivar. It is genetically controlled. The axil bearing varieties have less alternate bearing tendencies than the terminal bearing varieties. Monselise and Goldschmid (3) reported that regular bearing cultivars quickly regain their ability after disturbed by the external factors whereas, alternate bearers takes long time because they are unstable in nature. 
In apple, shy bearing cultivars bear fruit regularly while heavy bearing cultivars have the problem of alternate bearing. For example Gala, Jonagold, Granny smith and Idared have low alternate bearing indices while, Fuji manifest and Golden delicious have high alternate bearing indices. Based on the bearing tendency apple cultivars have been classified into three groups (11) (Table 1).
Table 1: Classification of Apple Cultivars Based on Bearing Tendency
	Types 
	Cultivars 

	Regular bearers 
	Early worecestor, Galla Beauty, Golden delicious, Golster, Jonagold, Rome beauty

	Moderate bearers
	Delicious group, Golden spur, Granny smith, Jonagold, McIntosh, Northern spy, Red gold and Rhode island Green 

	Distinctly alternate bearers
	Baldwin, Benoni, Boskoop, Cox orange pippin, Miller seedling, Red chief, Starkrimson Delicious



In mango, north Indian varieties possess alternate bearing habit i.e., ‘Dashehari’, ‘Langra’ and ‘Chausa’ while ‘Totapuri red small’, ‘Bangalora’ and ‘Neelum’ possess regular bearing habit (12).
2. Effect of seeds on flowering:
Regarding the function of seeds in the flowering in fruit only limited evidence is available. Monselise and Goldschmid (3) noted that seedless or nearly seedless cultivars are typically annual bearers while cultivars containing many seeds can be strongly biennial. Seeds contain relatively high concentrations of gibberllic acid (13) and Luckwill (14) proposed that GAs migrate from the seeds to the bourse shoot (long shoot had more leaves), where they prevent flowering. Ebert and Bangerth (15) discovered that alternate bearing cultivars have early gibberellin diffusion (about 2 weeks from bloom) than the regular bearing cultivar (about 5 weeks after bloom)  Hoad (16) reported that developing seeds contain high concentration of auxin which is moves into the fruiting spur and this movement is stronger in alternate bearing cultivars (e.g. Laxton’s Superb). If the concentration of auxins falls below a certain critical level, the fruits even of the seeded cultivars may exhibit heavy drop (10).
3. Effect of rootstocks:
Rootstocks play a direct role in the process of alternate bearing. Where early bearing scion cultivar budded or grafted on the dwarfing rootstocks reduce the biennial problem in apple likes the malling series (M9, M27, MM106 etc.) (11). In citrus, Flying Dragon is widely used to promote the precocity in bearing. Whereas, in India, Troyer Citrange is used to promote regular bearing in Kinnow mandarin. The clonal rootstocks reduced the alternate bearing in avacado (17).
4. Carbohydrate reserves (C:N ratio) :
It is now widely accepted that when a perennial fruit tree yields heavily in one season, it becomes nutritionally exhausted and isn't able to create new flushes, which results in either lower or no yields the following season. Nitrogen and carbohydrate stores are depleted during the "On" year's crop, and their effects are reflected in the crop produced the following season (18). The stored carbohydrates levels is a limiting factor for flower formation in “off” years of alternate bearing cultivars of fruit crops (19). Fruits depend on both available photosynthates and stored carbohydrates, as shown by the buildup of reserves during the spring flush and the subsequent depletion of reserves during fruit growth (20). In avocado, the biennial bearing is based on the concentration of starch present in the trunk and diameter of the branches. In litchi, the small and medium branches hold 50% of the starch that is present in the spring before anthesis and diminished during the growth of the shoot and fruit (10). The adult trees contain more amount of accumulated photo-assimilates and increased metabolism of carbohydrates, proteins, amino acids constituent than the young ones (21). The growing fruit acts as an effective sink for photo-assimilates, which helps to explain how the bud’s carbohydrates hinder flower induction by depleting photo-assimilates.  Sucrose is the key factor for regulating the floral induction in Arabidopsis (22). Also trehalose metabolic pathway controlling the flowering in Arabidopsis (23, 24).
In leaves, the nitrogen is present in the form of proteins, which play a crucial role in regulating flushing just prior to panicle emergence (25). It has direct effect on flowering. High nitrogen diminish the flowering and low nitrogen promotes flowering (26). By reducing the N level to below 1.75 - 1.85% prior to panicle emergence, flowering can be promoted in sub-tropical conditions (27). In litchi, the physiological drop is clearly related to the absence of carbohydrates in mid and late fruit growth, which has become the main factor affecting production (28). According to physiological research on alternate bearing in various mango varieties, leaves of regular bearing mango varieties contained a greater number of uniform mesophyll cells that were highly effective at utilising CO2 (18).
Baninasab and Rahemi (29) analyzed carbohydrates content in different tissues like flower buds, leaves, fruits current shoots in pistachio (Pistachio vera L.). Upto 70 days after bloom, equivalent amounts of soluble sugars and starch were discovered in “On” and “off” trees. Regarding that, many organs in 'On' trees displayed decreased levels of soluble sugars and starch. However, the concentration of soluble sugars and starch in various 'Off' tree organs started to increase.  
5. Effect of tree age and vigour:
Tree age and vigour linked to the effect of nutritive status of the plant or its limb, locality and the season, having direct effect on flowering and fruit set. Excessive vegetative growth decreases tree fruitfulness, whereas optimum vegetative growth supports the crop load and is necessary to prevent fruit drop at early stages e.g as in strawberry, walnut, etc. (10). During a time of heavy crop load and vigorous vegetative development with a high gibberellin hormone level, trees become exhausted and causes biennia or alternate bearing in mango. In mango the age of the last flush (4 to 5 months old) is the dominant factor, which induce flowering in next year (30). In citrus, the clones originated from the Valencia oranges show alternation (31). In pecan nut, where alternation was found only after the 10th year (32). Excessive pruning that influences the vigour of the tree will affect the capacity to bear fruit early. Because the synthesized sugars are excessively used for vegetative growth and little sugar remains to produce flower buds. In mango, the average terminal shoot growth is in the range of 112 to 18 inches have the capable of carrying a crop Table 2.
Table 2: Average Bearing Age of Fruit Crops
	Average bearing age

	Crops 
	Times in year

	Apple 
	4-6

	Apricot 
	3-5

	Sour cherry
	3-5

	Sweet cherry
	5-8

	Peach
	3-4

	Pear 
	4-6

	Plum 
	3-5



6. Flowering habit:
One of the causes of alternation had been considered to be terminal flower bud formation in mango and apple. If the crop fails in a particular year due to meteorological conditions, spur formation is highly induced. If a cultivar bears the majority of its fruits on spurs (terminal bearer) the following year will be very strong “on” year and due to the biennial habit of spurs it will become completely change the bearing into “off”. As a result, an alternating behaviour starts. In mango, whose flower buds are produced terminal, seems to arise from one branch, which is failure to support both vegetative growth and flowers in the same year (33). Any climatic factors interrupt the emergence of inflorescence will leads to conversion of an “on” year into “off” year (10).
7. Hormonal imbalance:
In plants, flowering is mainly influenced by the phytohormones. The effect of plant hormones on flowering is based on the time of release, target tissue susceptibility and concentration of the hormone. The transition to blooming is also controlled by the exogenous application of plant hormones (34). 
7.1 Auxin:
The high concentration of auxin and low level of GA3 like substances are induce the floriferous shoots in mango. In ‘Dashehari’, the shoots contains high level of auxin during “on” year than the “off” year. Application of Naphthalene acetic acid at 200 ppm effectively control the alternate bearing by thinning of excess flowers. According to Monselise and Goldschmidt (35), the polar auxin transfer through a dominating sink is responsible for the fruit thinning from "On" year trees that triggers the blooming in next year. It functions as a potential mobile signal that influences blooming. In litchi, high level of auxin is present in both leaf flushing and flowering stage. Liang et al., (36) found that high level of IAA in the shoot promotes flower bud formation in Litchi. 
7.2 Gibberellin:
In perennial fruit crops, flowering is hindered by gibberllins (37). According to Davenport et al., (38), increased levels of GA3 in buds may promote or maintain the production of endogenous auxin, hence preserving low cytokinin/auxin ratios and enhancing inhibition of shoot initiation. High amounts of gibberellin were suggested to prevent flowering because of the activity of GA-like compounds, which was higher in "off" years (39). In contrast, the gibberellin GA7, which is produced in the developing seeds of growing fruit, prevents flower induction (40).
7.3 Cytokinin:
Mango shoots bloomed early (1 month after application) in October after being treated with 6-benzylaminopurine (BA). On non-treated trees, flowering was seen 3 month after application (41). During flower bud differentiation the cytokinin activity is increased. At the time of dormant period the endogenous cytokinin content remains low, and the buds do not respond to the external application of cytokinin. After breaking bud dormancy, the kinetin treatment encourages floral bud differentiation (42).
7.4 Abscisic acid: 
The high concentration of ABA were found in “on” crop trees than in “off” crop trees due to the stress posed by the fruit overload (43). The use of ABA in Citrus unshiu suppressed bud sprouting and profuse flowering (44). 
8. Autonomy of branches with regard to alternation:
In terms of alternation, orchards, individual plants within an orchard, and even individual branches within a single plant all behave as autonomous units. In many fruit crops, autonomy of branches increases with the increase in age. When a particular branch or portion of a branch that does not flower one year will yield an abundant crop the following year. In apple and plum trees, it has been discovered that a branch is absence of fruit may cause the production of flowers on other parts of the plants (10).
9. The effect of fruit overloaded:
The most well known cause of alternation is probably the heavy crop load during the on year. The excessive crop load makes a plant becomes exhausted. However, the amount of fruits kept on the tree until harvest has an impact on future fruiting and flowering. The development of new branches and their subsequent fruit bud differentiation in the next season are directly influenced by the fruit load. A cumulative sink is created by more fruit, which requires a constant supply of food reserves. Heavy crop load makes plants become collapse due to the depletion of stored food materials. Starch is the common food reserves in plants, which is the best indicator for determining nutritional status of the plant. So it is replenished regularly to overcome its exhaustion due to heavy crop load (45). E.g. citrus, apple, pecans and mangoes. 
10. Climatic factors:
In most of the plants require cool environment for flowering. Temperature is also the most important component that influences flowering at various stages, beginning with flower bud differentiation, anthesis and development of parts of the flow. Frost during flowering can harm plants, and chilly temperatures can make pollen less viable. In plum, cherry, apple, pear, and other plants below 4℃ completely check the pollen germination.  Hot and dry winds have the potential to desiccate the tender stigmas or styles. Low temperatures have a negative impact on almond pollination and fertilisation. According to Chen et al., (41), the low temperature around (19℃ in day and 13℃ in night) promotes the flower bud differentiation. Heavy rainfall or drought conditions convert the “on” year crop into “off” year. In Satsuma mandarin, severe water stress increase the GA1 or GA3 level, which causes heavy leaf fall and reduced flower percentage (46).
11. Genomic approach:
In model plants like Antirrhinum majus and Arabidopsis thaliana, the most crucial core floral development regulatory genes have been discovered (47, 48, 49). Flowering Locus C (FLC), Terminal Flower 1 (TFL1), Brother of FT (BFT), and Short Vegetative Phase (SVP) are notable genes that act as repressors within the floral regulatory network. Among them, FLC plays a central role as a strong repressor, exerting significant control over the timing of flowering (50). BFT in Arabidopsis performs similar tasks to TFL1 and inhibits the growth of inflorescence meristems (51). The flowering locus t (FT), which encodes a protein that is a central regulator of florigen (52), Floral meristem identity determining genes such as the leafy (LFY) and apetala1 (AP1) genes (53) (Table 3). In mango, flowering genes namely FT, CO (CONSTANS), GI (GIGANTEA), ELF 4 (EARLY FLOWERING 4), FLD (Flowering locus D), AP1, LHY (LATE ELONGATED HYPOCOTYL), and SOC1 (SUPPRESSOR OF OVEREXPRESSION OF CONSTANS1) were upregulated during flowering (54).
Table 3: Transformation of some flowering genes in fruit crops to induce flowering: 
	Fruit crop
	Gene 
	Induced character

	Mango 
	SPL-like gene
	Accelerate flowering

	Poncirus trifoliata
	FT homolog
	Accelerate flowering

	Pyrus communis 
	FT homolog
	Accelerate flowering

	Citrus 
	Arabidopsis API gene
	Induced early flowering

	Citrus
	Arabidopsis LFY gene
	Reduce the Juvenile phase 

	Apple 
	Suppression Md TFL I
	Reduced juvenile period

	Apple 
	FRUITFULL(FUL) – homolog 
	Induced early flowering


Source : Dhillon and Bhat (10) and Sharma et al. (55).
Conclusion:
The biennial bearing pattern of fruit trees may be significantly influenced by competition between maturing fruits and fresh vegetative shoot growth for carbohydrates and other nutrients, especially nitrogen. So it affect the fruit size and net economic returns, creating price fluctuations between "on" and "off" years and the loss of market share during "off" years that is not always regained in the following "on" year. It is a financial challenge for growers and the industry. Additionally, using this knowledge can assist overcome the issue of lengthy gestation periods and other financial limitations by choosing appropriate recombinants and hybrids in the early nursery stage itself. Research in specific areas is needed in order to fine tune orchard management practices that growers can use to eliminate alternate bearing.
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