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Abstract

Blueberries (Vaccinium spp.), which are commonly considered as an effective superfruit in the world, are receiving growing interest in India
with their high profile of antioxidants, their functional health advantages and their new consumer acceptance. This review is a synthesis of the
existing knowledge about blueberry farming in the Indian environment, with its opportunities and challenges. Agronomic constraints like
acidic soils, optimum pH (4.2-5.5), shallow root systems and particular chilling requirements make it difficult to fit out very wide, but low-chill
southern highbush cultivars are suitable for India. Chilling hour ranges for northern highbush (800-1200 hr), rabbiteye (300-600 hr), lowbush
(> 1000 hr) and southern highbush (200-600 hr) cultivars. The climatic and biological limitations encompass heat stress and nutrient
imbalances, which require integrated management in terms of precision irrigation, organic amendments and mycorrhizal associations.
Pollination is another important determinant of yield and fruit quality and insect-mediated pollination is much more effective in increasing
berry size, seed counts and evenness. Blueberries are also a nutritious source of anthocyanins (approximately 50-300 mg 100 g*fresh weight),
phenolic compounds (250-560 mg 100 g* fresh weight) and vitamin C (9.7-24 mg 100 g* fresh weight) with high amounts of dietary fibre. It has
opportunities in the sale of premium fresh fruits, value-added products and possibly exporting products, but the cold-chain infrastructure is
limited. Lastly, it requires a long-term sustainability of taking environmentally friendly measures, restoring the soil health and using cultivars
that are resistant to climate change. Taken together, this review highlights the idea that strategic research, breeding and market integration
may help blueberries to be an innovative and high-value horticultural crop in India.
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acidic, well-drained, with a pH of 4.2 to 5.2 and high levels of organic
matter. They prefer soils with the availability of absorbable iron (Fe**)
and demand that nitrogen be supplied as ammonium. The fact that
blueberries are not usually resilient to high pH soils and that most of
the Indian arable sites are featured by mineral soils means that soil
amendment methods like the introduction of organic matter and
acidifying agents must be employed to create the appropriate
environment (3). The studies of other regions have revealed that to
enhance the acidity and organic matter of the soil, pine needle
mulch and peat moss or sulphur can be added; such techniques can
be adapted to the Indian context (4).

Introduction

Blueberries belong to the genus Vaccinium within the family
Ericaceae and is appreciated worldwide due to the high antioxidant
propertiess and other health-related advantages, such as
cardiovascular, bone-strengthening and decreased risk of chronic
diseases. The Vaccinium genus has about 400-450 species and with
such broad morphological diversity and genetic variability, there is
considerable crop-enhancement potential based on cutting-edge
breeding and genomics (1). Blueberries are native to North America
but have since spread to other markets around the world, aided by
research on better cultivars, low chill varieties and characteristics like

flavour, texture, shelf life and nutritional quality. Nevertheless, their
superficial root system, drought prone and vulnerability to invasive
pests require solutions, which are specific to a region (2). Due to the
increased demand for superfruits and their recognised health
benefits, the production of blueberries has been given increased
attention in India. Nevertheless, due to the specific climatic and soil
requirements, the profile of pests and diseases and the commercial
potential of blueberries, the production of blueberries in India offers
both specific challenges and opportunities.

Agronomic requirements

To thrive optimally, blueberries (Vaccinium spp.) require soils to be

Chilling requirements and climatic adaptation

There is a wide range of blueberry species that vary in terms of
chilling needs and climate. The blueberries that are highbush
varieties (Vaccinium corymbosum L.) prefer chilling periods between
800-1200 hr at temperatures below 7.2 °C; that is, at cold
temperatures favoured in fermentation, which is more common in
temperate areas, including the USA, Canada and parts of Europe. To
increase production in warmer areas, breeders produced Southern
highbush blueberries, crosses of highbush and rabbiteye varieties
that needed as few as 200~ 600 chilling hr based on the cultivar. Not
only are these hybrids adapted to low-chill areas, but they are also
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more tolerant to heat during flowering and fruit set. Likewise,
rabbiteye blueberries (Vaccinium virgatum Aiton) can be cultivated in
a warm environment, requiring only 300-600 chilling hr and can be
grown in areas with typical soils and temperatures found in the
southeastern United States, such as those found in areas such as the
southem United States (summer is hot) and northern Florida
(winters are mild). Low-bush blueberries (Vaccinium angustifolium
Aiton), on the contrary, require more than 1000 chilling hr and only
thrive in extremely cold climates in the north and so cannot be easily
grown in other areas (5). Winter chilling is vital in the breakage of
endodormancy in floral buds. Sufficient chilling varieties of fruit and
flowers have synchronised bud break, steady flowering and fruit set
during the following growing season. Plants that do not meet chilling
requirements develop slow and uneven bud break, long flowering,
ineffective pollination and eventually low yield and fruit quality. So
high chilling cultivars cannot be used in most areas of India because
the winter temperatures are not low enough to satisfy these
physiological necessities.

In India, it is important to choose blueberry cultivars based
on chilling needs and climatic flexibility. Southern highbush cultivars
(Jewel, Misty, Gulf Coast, Sharpblue) performed better than
rabbiteye types (Austin, Alapaha) in mid-hill conditions of Himachal
Pradesh, where winters offer moderate chilling, flower earlier, have
more flowers per cluster and are earlier to harvest. This means that
low-chill Southern highbush hybrids are better adapted to Indian
temperate locales with shorter winters and warmer springs.
Although rabbiteye cultivars have a high productivity, they are more
susceptible to spring heat stress and unpredictable weather since
they tend to flower later and produce later. All in all, the
unpredictable weather in winter in India suits the implementation of
low-chill Southemn highbush and some rabbiteye varieties to
produce blueberries on a sustainable basis (6) .

Irrigation and water management

Due to their shallow, fibrous root system, blueberries are extremely
sensitive to water stress, leading to the need for regular soil moisture
levels to achieve the best growth, fruit size and yield. Practically,
tensiometers measure at 10-15 centibars of matric potential of a
soil, which is the pressure when the soil is at full moisture holding
10-15 centibars of water. When the matric potential of the soil is
10-15 centibars of water at 0-30 cm depth, irrigation should be
applied in the active root zone (0-30 cm depth) of the soil. Equally,
optimum volumetric water content (VWC) is between 18-22 % in
sandy soils and 25- 30 % in loamy soils. Irrigation is needed regularly
but not very much because drought and waterlogging are harmful
to productivity. The use of quality low-salinity water is also an
important factor that should be considered since blueberries are
extremely susceptible to salt build-up. Irrigation water electrical
conductivity (ECw) is ideally maintained at less than 0.7-1.0 dS m‘,
whereas soil electrical conductivity of the saturated paste extract
(ECe) exceeding 1.5 - 2 dS m* could be the start of decreased plant
growth and yield. Consequently, it is important to keep ECe at or
below these threshold levels for sustainable production.

Drip irrigation is viewed as the most effective among all the
irrigation systems because it is the most effective in distributing the
water to the root zone with less water being evaporated and risks of
disease being minimised. In addition, complementary practices like
organic mulching using sawdust/pine bark or straw also increase
water-use efficiency by preserving soil moisture, weeding and
stabilising soil temperature. In a nutshell, accurate irrigation timing,
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which is dependent on soil and plant water conditions, is essential to
attain sustainable yields and fruit quality in blueberry production (7).

Nutrient management

Proper fertilisation is very crucial for maximum production. On close
observation of nutrient status in leaves, potassium, phosphorous
and zinc content are found to be variable in different cultivars.
Therefore, fertilisation is to be managed according to the
requirements of the cultivar (8). For better nutrient assimilation and
root health, ammonium-based nitrogen fertilisers are
recommended (3).

Soil requirements

The blueberries have been reported to grow best in highly acidic soils
(pH 4.2-5.5). This range is very narrow and performance of the
blueberries will suffer drastically beyond it. High salinity levels
(EC > 1.5 dS m ?) reduces root activity and nutrient absorption,
whereas sufficient organic material and desirable soil microbes
maintain healthy roots and increased production (9). Plant growth is
negatively affected by waterlogged conditions.

Temperature and light requirement

Northern highbush blueberries have optimum photosynthetic
activity at 20-25 °C and southern highbush blueberries at 28-30 °C
but higher temperatures may severely undercut photosynthesis as
enzymes can be inactivated and there is more photorespiration.
Photosynthesis also requires enough light, but excessive
temperatures may increase the stress of light and further impair the
productivity of plants (10).

Climatic adaptation and variety selection

Traditional varieties of blueberries require chilling hours which is
unsuitable for much of India, where winters are mild. However, there
are chances for growth in subtropical and tropical Indian regions due
to the selection and development of low-chill southern highbush
types and specific cultivars like Emerald, Jewel and Biloxi that are
more tolerant of warmer weather (7). Southern highbush cultivars
are more suited for growing in India's varied climates because they
are more drought-tolerant and have anatomical adaptations,
including stronger xylem and effective water transport systems (11).

Environmental and biological challenges

Dynamic changes occur in the rhizosphere microbial population
throughout long-term blueberry farming and soil pH continues to be
a crucial factor in determining microbial and crop health (12).
Furthermore, blueberries are vulnerable to diseases such as leaf
blight and under Indian conditions additional problems like
anthracnose fruit rot (Colletotrichum spp.), Phytophthora root rot
and Botrytis fruit rot have also been reported. Bio-fungicides based
on Bacillus subtilis and host resistance strategies are two organic
control solutions (13, 14). Additional hazards are brought on by
climate change, particularly elevated temperatures and drought
stress. Indian farmers should prioritise choosing stress-tolerant
rootstocks and hardy varieties (15).

Soil nutrientimbalances

Prolonged monoculture of blueberries usually causes nutrient
degradation, especially nitrogen, magnesium and iron and acidic
soils enhance the build-up of aluminium (Al), thereby compromising
the functionality of roots and plants. Research indicates that
long-term nitrogen fertilisation and fertigation may also lead to
further acidification of the soils and increase the rate of nutrient
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leaching, as well as decrease yield and berry quality, highlighting the
value of balanced nutrient management (16, 17). It has also been
reported that excess Al in acidic soils can induce cultivar-specific
physiological stress resulting in low productivity and metabolic
disturbance in highbush blueberries (18). As a solution to these
imbalances, integrated nutrient management strategies, such as
organic amendments, biofertilisers and ericoid mycorrhizal
inoculations (e.g. Soil inoculation with fungi such as Hymenoscyphus
ericae applied during nursery preparation or at transplanting) have
demonstrated potential to enhance nutrient uptake efficiency,
maintenance of soil fertility and promotion of healthier plant growth
(19).

Water stress and irrigation

Blueberries have a shallow root system and have a low water
holding capacity which has made them very susceptible to drought
as well as waterlogging. Long dry seasons lower photosynthesis and
berry growth and berry roots are also affected by root rot and
leaching when the soil has high water content. Recent researchers
have stressed on the importance of modern irrigation methods like
drip irrigation systems and pulse drip systems, which increase water
availability in the root zone, enhancing fruit size and yield, as well as
increasing water-use efficiency (20, 21). Additional practices like
mulching not only ensure conservation of soil moisture and its
temperature but also enhance organic matter in soils, reduce weeds
and encourage healthy microbial population, thus providing a
healthier rhizosphere environment (22, 23). Such a combination of
strategies is necessary to reduce the stresses of water and continue
blueberry productionin altering climatic conditions (24).

Pest challenges

Growing blueberries is associated with high pest pressures and
especially those of invasive and persistently occurring insects. One of
the most important pests has traditionally been the blueberry
maggot (Rhagoletis mendax) and monitoring management has
been available in the form of pheromone traps to minimise fruit
losses (25). Most recently, the spotted-wing drosophila (Drosophila
suzukii) has become a significant pest because of its capacity to inflict
direct yield and quality damage to ripening fruit; management is
currently based on integrated methods such as sanitation, exclusion
netting and push-pull management (26). Crop loss due to aphids is
also through the spread of viruses, but the aphid population can be
controlled by conservation biological control (such as using
wildflower strips to increase predator and parasitoid abundance)
(27). A combination of cultural control, biological control and
prudent use of insecticides (i.e. integrated pest management (IPM))
will continue to play a vital role in ensuring a balance between pest
controland ecologically sustainable systems.

Climate changes beyond heat

The problem of climate change has several effects on blueberry
production that go beyond aspects of increasing temperatures.
Unpredictable precipitation, particularly of heavy rainfall during
harvest time, enhances fruit-splitting, decreases marketable yield
(28). There is also damage to buds and flowers by sudden frost
events and research has indicated that deacclimation during warm
weather increases plant susceptibility to cold snaps (29). The other
equally important aspect is the incompatibility of cultivar chilling
needs with warmer winters resulting in delayed or uneven budbreak
and incomplete fruit set. Experimental trials show that inadequate
chilling can in part be replaced with hydrogen cyanamide which
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enables budbreak to coincide, although a constraint exists in
practice (30). The combination of all these stressors emphasises that
there is an urgent need to adopt climateresilient varieties and
adaptive management of blueberry production.

Sustainability aspects in India

Organic practices, crop rotation and cover cropping can be used in
improving sustainability in the horticultural systems in India
especially for blueberries. One such technology with promise has
been cover crop technology which has been shown to enhance soil
physio-chemical characteristics, curb erosion and carbon
sequestration but small holders have some barriers to their
adoption, including less awareness of cover cropping benefits,
shortage of quality seeds, additional labour requirements and
short-term land-use constraints (31). Crop rotation, composting and
green manures are also organic horticulture practices that bolster
soil fertility and lower chemical dependence (32). Systems of
regeneration such as integrated rotations and organic inputs are
progressively seen as routes to the resilience of soils and farming
livelihoods (33).

Pollination and productivity

Insect pollination is essential to blueberries' ideal fruit set and
productivity. In the absence of their specialised equivalents,
honeybees which are extensively distributed in India are both
necessary and sufficient for commercial pollination, even though
bumble bees are the ideal choice (34). Increased insect pollination is
good for both yield and quality of the berry, which is significant in
economic viability.

Pollination biology

The anthers of blueberry flowers are poricidal and restrict the release
of pollen thus, this restricts the efficiency of pollination to insect
behaviour. Although the crop is partly self-fertile, cross-pollination
increases the crop and fruit quality. Comparative studies of bee
species indicate bumble bees (Bombus terrestris) are significantly
more effective pollinators than honeybees because the capability of
buzz pollination enables them to extract and deposit pollen per visit.
Even though honeybees can also contribute by frequently visiting
flowers, their per-visit efficacy is much less. This shows that pollinator
diversity especially the occurrence of bumble bees is critical towards
the achievement of ideal fruit set and productivity in blueberry
production (35).

Pollination efficiency and yield

Recent meta-analysis shows substantial quantitative support that
insect pollination has a positive correlation on the yield and quality
of blueberries. Synthesised results of various studies on highbush
blueberry have shown that insectmediated pollination had a
significant positive correlation with fruit set (increases of
approximately 15-40 %), berry weight (10-25 %) and seed number
(20-50 %) under insect-mediated pollination compared to
pollinator-excluded treatments. Their model showed that the effect
sizes and explanatory power (R* values) were clear and high,
indicating the overall positive effect of pollinator activity on the yield
quantity and the traits of fruit quality. This fact makes insect
pollination a decisive factor in the productivity of blueberries and
underscores the need to control pollinators to maintain profitable
production systems (36).

Production systems

The natural conditions necessary for blueberries are frequently
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absent from Indian soils. Site-specific crop management strategies
that make use of soil mapping and remote sensing may provide
ways to find potentially good locations and develop orchards
effectively (37). Furthermore, soil constraints may be circumvented
by soilless cultivation systems, such as hydroponic and
container-based techniques (38).

Nutrient requirement

The use of phosphorus and potassium is essential in the production
of blueberries since it promotes the growth of roots, fruit quality and
general viability in plants. However, when soils are acidic then
micronutrients like iron, manganese and zinc tend to be limiting and
this requires supplemental inputs. Foliar sprays are especially
advised to correct deficiencies and maintain growth under Indian
conditions where imbalances in nutrients tend to occur frequently
(39).

Boric acid, zinc sulphate and calcium chloride foliar applied
have been demonstrated to have a significant effect on increasing
the productivity, fruit quality and storage of the southern highbush
blueberry cv. Sharp blue in mid-hill conditions in India. Boric acid
(0.1-0.2 %) as foliar spray is applied at pre-bloom, zinc sulphate
(0.3-0.5 %) is applied during vegetative growth and calcium chloride
(0.5-1.0 %) is applied at fruit development stage for increased fruit
set and yield. These findings indicate that foliar nutrition should be
applied specifically to overcome nutrient constraint and enhance
preharvest success and after-harvest quality of blueberries in India
(40).

Nutritional properties of blueberry

Blueberries have been known to be a nutrient rich fruit (Table 1),
which offers a distinctive combination of bioactive compounds that
are also known to add to the nutritional and functional value.
Polyphenolic compounds are abundant in them especially the
anthocyanins, which are the major group that gives them their blue
colour and high antioxidant properties (41).

Table 1. Constituents and their amount in blueberry

Constituent Reported range Reference
: 200-560 mg gallic acid equivalents
Total phenolics 100 g FW (42)
- 50-300 mg cyanidin-3-glucoside
Anthocyanins equivalents 100 g1 FW (43)
Vitamin C 9.7-24 mg 100 g FW (44)
Vitamin K ~19-29 ug 100 g*FW (41)
Dietary fiber 2.4-3.6 g 100 g FW (41)
Total flavonoids 150-250 mg 100 g FW (45)

FW = Fresh weight.

Market, breeding and economic opportunities

To satisfy health-conscious urban consumers, Indian growers could
profit by producing blueberry types with large fruits, superior
storability and high antioxidant content. Global trends show that
demand for blueberries is rising. To adapt to Indian circumstances,
breeding efforts should concentrate on low cold requirements, heat
tolerance and disease resistance (46). Blueberries are rich in phenolic
chemicals and anthocyanins, therefore having many health benefits
(@)

Market opportunities in India

In India, blueberries are still a niche, high priced fruit, with most of the
demand being satisfied by the imported product, mainly in large
metropolitan regions like Delhi, Mumbai and Bengaluru. The rates of
importation have been on the rise over the past years due to the
growing consumer awareness of berries especially among urban
and health-conscious population (48). Nevertheless, the local
production remains small and the blueberries are mostly restricted
to the high-end supermarkets, selective stores and luxury e-
commerce sites. This type of market structure emphasises the
aspect of scaling up production, as well as the potential of growers,
who may manage to adapt the cultivation of blueberries to the
conditions of India successfully (49).

In addition to fresh consumption, a huge potential is
available in diversification to value-added products like jams, juices,
dried blueberries, powders, nutraceuticals and functional foods. The
valorisation of blueberry being reviewed suggests that products rich
in anthocyanin match the current trend of urban Indian preference
for functional foods (Table 2) (50).

Table 2. Postharvest and market comparison of blueberries in India
vs. imports

Domestic
trials)

(India Imports (Chile/Peru

Parameter to India)

>90 % maintained
during transit

<30 % of production

Cold chain availability covered

Average shelf life 3-5days (farm gate to 12-18 days (controlled

local market) transport)
Postharvest loss % 20-30 % <10%
. i ~900-1100 (landed
. 1) _
Farm-gate price (% kg 600-800 import cost)
Retail price (R kg?) 1000-1200 1200-1500

The comparison shows that in theory domestic blueberries
can compete on price but the inability to have a stable cold chain
and market connection makes it less competitive. Localised
high-value niche markets (urban consumers, direct-to-retail) have
been indicated to be a viable entry point by successful greenhouse
trials in Maharashtra and Kerala.

Note: The data discussed in this segment has been integrated with
the results of the experimental trials that were conducted by the
Indian Council of Agricultural Research (ICAR) and global statistics
thatare available in the FAO and USDA databases.

Long-term sustainability considerations

To minimise the environmental impact of expansion, there is a need
to pay attention to the sustainable practices, management of
rhizosphere health, controlled use of chemicals and considering
alternative substrates (12, 13). Although, organic farming is
challenging due to higher chances of disease factors (e.g., root rots
and leaf blights) but have higher market value and pricing(50).

The aspect of sustainability is a very important aspect of
production in blueberries, especially in areas such as India where
survival in a non-traditional environment is required. The ecological
sustainability in the long term needs longterm strategies that
reduce the impact of the environmental footprint but remain
profitable. The rhizosphere health can be managed by using
biofertilisers, mycorrhizal associations and organic mulches like pine
needles or sawdust to restore the pH levels in soil, increase the
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organic matter and aid the nutrient cycling (50). Likewise, the
implementation of precision irrigation methods, such as drip
irrigation and sensor-based water management is a way of ensuring
efficient utilisation of resources in blueberries as the berries tend to
be shallow-rooted and are drought and waterlogging-sensitive (50).

Conclusion

There are certain challenges and great opportunities in blueberry
farming in India. The agronomic needs of the crop such as acid soils,
exact water management and unique chilling demand, restrain its
mass adoption within the conventional systems. Nevertheless, the
development of low-chill southern highbush varieties, hydroponics
and site-specific soil management shows great possibilities of
adaptation to Indian conditions. Efficiency of pollination, balanced
nutrient management and combined pest and disease control
appear to be the factors that determine productivity and quality of
fruits. Moreover, the outstanding nutritional and functional
characteristics of blueberries coincide with the emergence of
superfruits and the increasing demand of the Indian consumers for
this kind of product among the health-conscious market, which
opens the future opportunities of the fresh markets and value-added
products. Despite the constraints in cold-chain infrastructure and
steep costs of production, local high value niches and prospective
export markets provide growth opportunities. To attain long-term
sustainability, the focus should be on environmentally friendly
cultivation methods, rhizosphere health control and climate
resistant varieties. All in all, through specific studies, better growth
practices and market penetration, blueberries can become a
lucrative and sustainable horticultural industry in India and help in
matching consumer demand with local production volumes.
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