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Temperature is one of the main environmental factors that affects plant growth and development. Flowering
phenology mainly pollination is highly sensitive to temperature extremes. Thus, pollen tests can be used as a tool
to screen temperature tolerant crops. In present study, the in vitro pollen germination method was used for
screening cashew varieties at different temperatures. The pollens of five cashew varieties comprising three early
(VRI-3, Vengurla-4 and Ullal-3), one mid (Bhaskara) and one late (Madakkathara-2) were screened in field (in
vivo) as well as at controlled temperatures from 5 to 50°C. The morphological features of pollen grains were also
studied using Scanning Electron Microscopy (SEM). Significant differences in polar axis (P), equatorial axis (E)
and P/E ratio were observed among five cashew varieties. Early varieties had high P and E. Pollen germination
under in vivo was high for early types with optimum temperature (Top) of 25°C while it was low in mid and late
types with Top of 30°C. The in vitro study further confirmed this finding, pollen germination at 25°C was 75% in
early types while it was 57.8 and 50.5% for mid and late types respectively at 30°C. However, mid and late
varieties exhibited better tolerance to high temperature beyond 40°C suggesting their wider adaptability to high
temperature. The high reducing sugars mainly glucose and fructose in pollens of early varieties may be correlated
to high pollen germination in response to temperature. Overall, the varietal differences in pollen behaviour can
be used to select cashew varieties for evaluating their adaptability to temperature extremes during flowering
across various regions.

1. Introduction change scenario. Extremely hot days are also expected to increase with
temperature above 35°C, increasing from 5 per year in 2010 to 42 per
year in 2100 (Michael Greenstone et al., 2019). The shifts in rainfall

pattern and increase in temperature might directly or indirectly cause

The world is experiencing the havoc of climate change and its im-
plications especially on agricultural production. Rainfall pattern and

temperature regimes will become more variable with major effects on
agricultural output due to climate change (Lobell et al., 2011). It is
predicted that India will experience highest losses in terms of reduction
in yield in days to come due to climate change and natural hazards
(Gupta et al., 2014). The factors such as over dependence on agriculture,
monsoon dependent farming system, absence of adequate cultivable
land, higher population, limited technological interventions and also
lack of financial support for adaptations to climate change etc. can
contribute to more adverse impact of climate change in India. It is also
predicted that India will experience increase in average annual tem-
peratures from 24°C to 28°C by the end of 21 century under the climate
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economic and ecological changes influencing plant growth, incidence of
pest and disease occurrence and ultimately crop yield reduction to the
tune of 10 to 40% (Maurizio et al., 2022).

About 80% of global agricultural land is rainfed and India stands first
in having larger rainfed agricultural lands in the world. India has about
141 million hectares (m ha) of total cultivable area, out of which rainfed
area constitutes about 85 m ha. Being rainfed, India’s agricultural and
horticultural sector come under the purview of climate change due to
higher dependency on monsoon rainfall. The changes in onset of
monsoon, prolonged dry spell, early monsoon withdrawal etc. are few
climate change induced alterations which ultimately affect agricultural
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production (Lal et al., 2001). Other than variations in rainfall, produc-
tivity of rainfed crops also get affected due to changes in temperature
(Venkateswarlu et al., 2010). The approaches such as development of
high performing varieties with climate resilient traits, introduction of
various crops including fruit and plantation crops across agro climatic
zones etc. may be considered as important technological interventions.

Cashew (Anacardium occidentale L.), a plantation crop of Anacardia-
ceae family, plays significant role for economic improvements of India. It
was introduced to India mainly for control of soil erosion and affores-
tation purpose in coastal degraded lands. However, it has gained its
economic importance due to the production of delicious kernels,
increasing farmer’s income, providing employment opportunities espe-
cially to the women engaged in processing and allied sectors and also in
contributing significantly to Indian economy as a foreign exchange
earner. Therefore, cashew can be introduced as a climate resilient crop
to conserve ecology and environment and also to improve yield due to
its ability to survive under rainfed conditions.

Cashew is extensively cultivated in 1.12 million hectares in more
than 28 countries with annual production of 700000 metric tons (FAO,
2014). Currently, cashew is cultivated in 19 states of India with 1062000
hectare of area and 817000 metric tons of raw cashew nut production
(DCR Vision-2050). India contributes around 24% of global cashew
production and meets 50% of domestic industries requirement. Hence,
cashew industry has been compelled to import rawnuts from other
producing countries mainly from African region to meet the own do-
mestic demand. By 2025, Indian cashew production is forecasted around
1000000 metric tons with requirement of 2200000 metric tons of raw-
nuts by cashew processing industries (Venkatesh Hubbali, 2021). This
necessitates the enhancement of rawnut production by 2.5 to 3.0 ton-
s/ha. However, the present productivity is as low as 753 kg/ha. Keeping
in view the present scenario, efforts need to be made to increase pro-
duction either by area expansion or by development of high yielding
varieties with stress resilient traits for better performance.

About 600 to 1500 mm annual rainfall, optimum temperature be-
tween 22 to 32°C, moderate to well-drained soil etc. are few pre
requisite conditions for successful cashew cultivation in a particular
region (Rupa, 2010). Cashew is mostly cultivated along west and east
coast regions of India. Along west coast, it is spread in Karnataka, Kerala
Goa and Maharashtra with annual rainfall of 2000mm and maximum
temperature of 30-35°C during day time. Along east coast, cashew is
mostly grown in Andhra Pradesh, Orissa, Tamil Nadu and West Bengal
where 650 to 1850 mm rainfall is received annually and temperature
rises beyond 40°C during summer (Rejani et al., 2013). Majority of
cashew growing areas are under rainfed and degraded lands, hilly areas,
less fertile soils, coastal areas are mostly available for cashew cultivation
in India. Cashew being perennial and plantation crop, has several de-
cades of lifespan. Thus, changes in climatic parameters such as long dry
seasons, high annual rainfall and low minimum temperature of coldest
months certainly affect climate suitability of cashew growing areas
(Roman Gruter et al., 2022).

The fluctuations in climatic parameters affect the phenology of
cashew mainly the reproductive phase. Important reproductive phases
viz., flowering, fruiting and raw nut yield get affected due to occurrence
of severe drought stress during January to May (Yadu Kumar et al.,
2010). Cashew also experiences temperature stress during severe
drought stress periods. Cashew normally flowers at the end of wet sea-
son which makes the flowering mainly its timing and duration more
sensitive to changes in temperature (Wunnachit et al., 1992). Temper-
ature beyond 34°C and relative humidity less than 20% are detrimental
for cashew flowering which cause yield reduction due to flower drying
(Haldanker et al., 2003). Apart from flower drying, fruit drop is also
common in cashew when temperature rises beyond 42°C during fruiting
(Prasada et al., 2001). In India, cashew varieties are classified as early
(December to January), mid (January to March) and late (March to May)
flowering types. Among them, mid and late flowering types tend to
suffer more as the flowering time coincides with moisture stress periods
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as well as with high temperature (>34°C) during January to May
(Veeraraghavan et al., 1990).

Cashew is an andromonoecious tree where both male and her-
maphrodite flowers occur in same inflorescence/panicle (Purseglove
et al., 1968). However, both male and hermaphrodite flowers open in
diurnal pattern and exhibit different phases of flowering. Male flowers
open first in first phase of flowering followed by opening of both male
and female flowers in second phase and finally again male flowers opens
in final flowering phase (Pavithran et al., 1974). During the transition
between male and female flowering phase, pollens are released and
transferred from one tree to another for pollination process which in-
fluence efficient fruit set and yield. Upon release, pollens undergo
several changes in the prevailing environment which makes them more
vulnerable to high temperature especially during flowering periods
(Kakani et al., 2005). Thus, pollen may lose viability and limit crop
productivity under extreme weather (Ledesma et al., 2016). This ne-
cessitates the proper understanding of kinetics of pollen functionality
mainly viability and germinability under high temperature. Moreover,
tolerance to high temperature can also be studied using pollen tests as
reported in plantation crop like coconut (Hebbar et al., 2018). Several
studies in fruit crops such as Jojoba (Lee et al., 1985), pears (Mellenthin
et al,1972), mango (Sukhvibul et al., 2000), almond (Godini et al.,
1987), apricot (Pirlak et al., 2002) and also in plantation crop like co-
conut (Hebbar et al., 2018, 2020) have reported the detrimental effects
of high temperature on pollen traits viz., pollen germination and its tube
growth. However, till date, no research works on high temperature
impact on pollen germination in vitro and varietal differences in pollen
germination are reported in Indian Cashew.

Therefore, in current climate change scenario, this study was un-
dertaken to evaluate temperature effects on cashew pollen germination.
This study, the first basic research, will help in understanding the
varietal differences in pollen germination under high temperature. Thus,
the study was started with the following goals: (a). to investigate pollen
grain morphological characteristics, (b). to optimize pollen germination
medium in vitro and (c). to study temperature effects on pollen germi-
nation of cashew varieties.

2. Materials and methods
2.1. Details of the experimental location

The experiment was laid out at a well-managed farm of ICAR-
Directorate of Cashew Research (ICAR-DCR), Puttur, Karnataka, India.
The study area is located in west coast part of Indian subcontinent
(12°25N latitude and 75°4N longitude and 90 m above mean sea level).
The climate is characterized by tropical hot and humid where temper-
ature reaches as high as 35°C during summer. This area has distinct dry
periods of four months starting from January to April. Annual rainfall of
study area ranges from 2500 to 3500 mm. The soil is characterized by
pH of 4.8 to 5.3, acidic and sandy loam with high organic carbon con-
tent. The climatic variables at the experimental site are presented in
Table 1.

2.2. Plant materials

This study was conducted on five cashew varieties with distinct
agronomical traits which are most widely cultivated across cashew
growing regions (Table 2). For this study, 15 to 20 years old cashew trees
were selected.

2.3. Pollen collection for pollen grain microscopic characteristics

The collection of pollen samples was carried out from December
2020 to April, 2021. Pollens of early cashew varieties (VRI-3, Ullal-3 and
Vengurla-4) were collected in December (flowering season: October to
January) at 9.30 am to 11.30 am. Pollens of mid variety (Bhaskara) were
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Table 1
Agro meteorological variables at the experimental site.
Month Temperature Humidity (%) Rainy Rainfall
Q) days (mm)
(Nos)
Max. Min. Forenoon Afternoon
average average
January 25.20 18.65 77.10 46.61 0 0
February 27.10 19.28 79.93 39.59 0 0
March 35.90 24.84 77.16 45.10 0 0
April 34.95 23.70 77.90 48.90 4.00 49.50
May 32.95 23.77 84.06 59.23 7.00 215.90
June 31.12 21.50 90.50 81.60 25.00 523.70
July 29.60 2213 91.26 80.61 28.00 804.30
August 27.37 22.01 89.39 77.97 23.00 746.90
September 25.03 22.77 80.14 77.21 27.00 614.00
October 25.65 20.16 75.65 70.61 14.00 318.40
November 24.93 19.40 69.27 54.23 6.00 87.30
December 24.19 18.45 77.84 48.39 1.00 19.80

Rainfall and rainy days are monthly total; other parameters are monthly mean
values.

collected during March (flowering season: January to March). The pol-
len collection time of late variety (Madakkathara-2) was also restricted
to March (flowering time: March to May). Six healthy cashew trees were
selected for pollen grain morphological studies for each cashew variety.
Four healthy branches were tagged for each variety. Paper bags were
used to cover the tagged branches to keep the flowering panicles with
pollens free from contamination. The flower panicles were collected in
paper bags. From flower panicles, 50 male flowers were collected in
petri dishes and were kept under sunlight for dehiscence. The dehisced
30 anthers were collected in small white paper bags (8.8 x 13.5cm) after
removal using forceps and paint brush. The freshly collected anthers
with pollens were used for pollen grain microscopic studies.

Table 2
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2.4. Pollen grain microscopic characteristics

The collected pollen grains were studied for morphological traits at
Mangalore University, Karnataka using scanning electron microscopy
(SEM). The pollen grains were dehydrated, placed onto copper tape and
later copper tape containing pollen grains were put on the polished
aluminium stub surface. The pollens were kept in vacuum desiccator for
15 minutes for dehydration and dehydrated pollens were spread on
stubs and sputtered with gold for 5 minutes. Later, the samples were
loaded in SEM and images were taken. Stereo scan SEM was used for
studying the morphological traits of pollen grains and photographed at
4000X for whole grain investigation. The morphological features of
pollens viz., polar (P) and equatorial (E) axis and P/E ratio were
measured from randomly selected five pollens following the protocol as
mentioned by Arzani et al. *2005) and Khaleghi et al. (2019).

2.5. Collection of pollen and optimization of growth medium

Before starting the actual research experiment, a few initial trials
were conducted in order to optimise pollen collection time and growth
medium. Flowering panicles with dehiscing male flowers were collected
at different time intervals (timings of 7.30 am, 8.30 am, 9.30 am, 10.30
am, 11.30 am and 12.30 noon) from 4 tagged healthy branches for a
period of 10 days in cashew varieties (VRI-3, Bhaskara and
Madakkathara-2). Pollen germination percentage of these flowers were
recorded in order to identify the optimal pollen collection time for
pollen germination studies. The same varieties were also used to opti-
mize pollen growth medium. The same established procedure was later
used to evaluate the pollen performance in other cashew varieties. Three
slides per cashew variety loaded with pollen grains at each time period
were used.

For optimization of growth medium, fresh male flowers were
collected in the morning between 9.30 am to 11.30 am in the plastic
bags and immediately put in ice box to prevent drying and desiccation.
The pollens were collected in the same way as already mentioned for

Important agronomical traits and distribution of cashew varieties used in the study.

Variety Institute of release Morphological characters Flowering Nut and kernel traits Cashew apple Growing states
traits
Bhaskara ICAR-Directorate of It’s a Selection from Goa. It It has a mid- Nut weight is 7.38 g and has Fruit colour is Coastal Karnataka
Cashew Research, has a medium-spreading season an average nut count of 136 Pinkish
Puttur, Karnataka, canopy with extensive flowering habit nuts per kg. Kernel weight is Orange.
India branching. 2.2 g. Shelling percent of
30.6. It has an export grade of
W240.
Vengurla-4 Regional Cashew nut It’s a hybrid developed from Flowers in Nut weightis 7.7 gand hasan  Fruit colour is Maharashtra, Karnataka,

Madakkathara-2

Vridhachalam-3
(VRI-3)

Ullal-3

Research station,
Vengurla,
Mabharashtra, India

Cashew Research
Station, KAU,
Madakkathara, Kerala,
India

Regional research
station, Vridhachalam,
Tamil Nadu, India

Agriculture Research
Station, Ullal,
Karnataka, India

Midnapur red x vetore-56. It
has an open canopy with
extensive branching.

Selection (Neduvellur). It has
an open canopy and intensive
branching habit.

Selection from village
Edayanchavadi in Tamil
Nadu. It has a compact
canopy with intensive
branching habit.

It’s a selection (5/37
Manchery). It has an open
canopy with an intensive
branching habit.

clusters. It has
early season
flowering habit

Falls under the
late season
category.

Early flowering
type. Flowers in
clusters.

Early flowering
variety

average nut count of 140 nuts
per kg. Kernal weight is 1.91g
with a shelling percent of 31.
It has an export grade of
Ww210.

Nut weight is 7.25 g and has
an average nut count of 138
nuts per kg. Kernal weight is
1.88 g with a shelling percent
of 26. It has an export grade of
W210.

Nut weight is 7.2 g and has an
average nut count of 140 nuts
per kg. It has shelling per cent
of 29.1 with an export grade
of W210.

Nut weight is 7.0 g and has an
average nut count of 140 nuts
per kg. It has shelling per cent
of 30. with an export grade of
W210.

red.

Fruit colour is
red.

Fruit in a pear
shape, pink to
red at
maturity.

It has dark red
coloured
fruits.

Andhra Pradesh, Tamil
Nadu, Kerala, Goa, Gujrat
and north eastern region.

Kerala, Karnataka

Tamil Nadu, Karnataka,
Kerala and Andhra
Pradesh

Karnataka, North eastern
regions

Note: Export grades mean Cashew kernels with specifications based on size, surface colour and wholesomeness for different grades to be exported to countries other
than India for trade.
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pollen collection for pollen grain microscopic studies. After dehiscence,
the pollens were transferred to the petri plates containing different
combinations of growth medium for growth medium optimization. At
the start of the experiment, the germination medium consisting of 5%
and 10% sucrose with 1mg Boric acid+ 3 mg CaNos + 2 mg MgSO4 were
evaluated. However, no pollen germination was observed due to higher
percentage of burst pollen grains. Later, sucrose concentration was
raised to 15% in combination with 1mg Boric acid+ 3 mg CaNos + 2 mg
MgSO4. Apart from sucrose, another medium containing poly ethylene
glycol (PEG) was tested. Different concentrations of PEG 6000 at 5%,
10% and 15% with 1mg Boric acid+ 3 mg CaNos + 2 mg MgSO4 were
evaluated. The in vitro pollen germination was recorded by keeping the
petri plates at room temperature of 20 to 25°C for 24 hours. The
microscopic observation of pollen germination was made after incu-
bating for 24 hours. For the observation, 3 petri dishes for each growth
medium were analysed and germination percentage was recorded from
200 pollen grains. This was in conformity with earlier finding by Perez
et al. (2019). The germination of pollens (%) was calculated following
the method described by Kakani et al. (2002).

2.6. Effects of temperature on pollen germination of cashew pollen grains

A research trial on temperature impacts on pollen germination was
carried out in flowering periods of December to April. Fresh flowers
were collected from experimental field between 9.30 am to 11.30 am to
study the influence of temperature on pollen germination.

Two separate experiments were performed for temperature response
studies. One set of experiments dealt with evaluation of temperature
impacts on germination of pollens during flowering season in the field
(in vivo) and another to evaluate the variability of germination of pollens
under controlled temperatures (in vitro). For the first experiment,
flowers were collected on alternate days up to four weeks during peak
season of flowering from December to March. The five cashew varieties
used in this experiment were early types (VRI-3, Vengurla-4 and Ullal-
3), mid type (Bhaskara) and late flowering type (Madakkathara-2).
Pollens were collected during January for early types (flowering season
being October to January). For mid type, pollens were collected during
March (flowering time from January to March). For late type, flowering
season starts from March and continues till May. However, under the
influence of recent climate change, shift in rainfall was observed in
terms of receiving unusual rainfall during April and May. Hence, pollen
collection was restricted only to March month for late variety in order to
study their responses to high temperature. A data logger was installed in
the experimental farm of ICAR-DCR, Puttur for daily monitoring of
temperature and other weather variables. For each variety, four slides
containing pollen grains were used to measure pollen germination for
each week during flowering periods of January and March.

In the second experiment, pollen germination in vitro was studied
under controlled temperatures in growth chamber. The collected pollen
grains were transferred to optimized growth medium. Dusting of pollens
was done on cover slip lined glass slides containing 2 ml of germination
media. The glass slides were later transferred to moist filter paper lined
petri plates for control of rupture of pollen grains. The petri plates
containing glass slides were incubated in a growth chamber with
different ranges of temperature from 5°C to 50°C at 5°C interval for 24
hours. Four slides per cashew variety were used for each temperature
treatment.

2.7. Estimation of biochemical parameters

In order to ascertain the factors responsible for influencing the
sensitivity of pollen germination to high temperature, biochemical pa-
rameters such as total sugar content and sugar profile were analysed in
pollens of cashew varieties which were collected during December for
early varieties and March for both mid and late varieties. The pollens of
five varieties were collected at the 4™ week of flowering season when
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maximum temperature reached 22 to 25C during January and 33 to 35C
during March. The anthers with pollen grains collected between 9.30 am
to 11.30 am in the morning were brought to the laboratory by placing
them in plastic bags and were immediately transferred to petri plates
containing moist filter paper. Then, preservation of anthers with pollens
was done in 80% ethanol followed by immediate storage at -20°C. The
stored anthers with pollen grains (0.5 g for each variety) were carried in
ice boxes to Central Lab Facility of ICAR-Indian Institute of Horticultural
Research (ICAR-IIHR), Bangalore, India to estimate biochemical
parameters.

Total sugar present in cashew pollens was measured following the
protocols described by Du Bois et al. (1956). For estimation of different
sugars, pollen grains were extracted using 80% ethanol (5 ml) followed
by removal of excess alcohol by pollen extract evaporation. The solvent
A (Acetonitrile and water in 80:20 ratio) and solvent B (Acetonitrile and
water in 30:70 ratio with 0.1% ammonium hydroxide) was used for
dissolving pollen extract in 1:1 ratio. The extract was then purified by
filtration in nylon filter paper followed by injection to liquid chroma-
tography- Mass spectrometry (LC-MS/MS) for sugar profiling analysis.

2.8. Statistical analysis

Significant differences among varieties (pollen morphology, germi-
nation of pollen, in vivo pollen germination in field, pollen germination
in vitro at controlled temperatures and biochemical parameter) were
tested using ANOVA proceeds in SPSS 19.00. Duncan’s Multiple Range
Test (DMRT) analysis was made to compare means of all the studied
parameters. Statistical significance was tested at 5% level of
significance.

3. Results
3.1. Morphological characteristics of pollen grains

For cashew pollen morphological characterization, different pa-
rameters viz., length of polar (P) and equatorial (E) axis and ratio of P/E
were examined in five cashew varieties under scanning electron mi-
croscope (Table 3). The P/E ratio was used to study the shapes of pol-
lens. Significant differences in polar and equatorial axis and their P/E
ratio were observed among cashew varieties (Table 3). The mean value
of polar length ranged from 43.91um in Madakkathara-2 to 48.53 um in
VRI-3. The values of equatorial line width ranged from 22.49um in
Bhaskara to 27.68um in Ullal-3. The ratio of P/E ranged from 1.68
(Ullal-3) to 2.03 (Bhaskara). Two different shapes of cashew pollens
were observed in this study (Fig. 1). Pollens of four cashew varieties
(VRI-3, Ullal-3, Vengurla-4 and Madakkathara-2) shared similar shape
of prolate whereas, only one cashew variety, Bhaskara had per prolate
type pollen grain (Fig. 1).

Table 3
Morphological characteristics of pollen grains of five cashew varieties.
Varieties Polar length Equatorial width ~ P/E Shape
(um) (um)
VRI-3 48.53° 24.45° 1.98" Prolate
+1.6273 +1.46857 +0.03055
Ullal-3 46.39% 27.68% 1.68¢ prolate
+2.47516 +0.98875 +0.01528
Vengurla-4 45.61% 26.23% 1.73¢ Prolate
+0.61809 +1.83309 +0.02082
Bhaskara 45.67% 22.49% £1.2797 2.03* £0.01 Per
+1.06688 prolate
Madakkathara-  43.91° 23.27° 1.88" Prolate
2 +0.59355 +1.18327 +0.01155

Means followed by different letters in a column are statistically significant
(p<0.05).
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Fig. 1. Pollen shape of cashew varieties photographed under SEM microscope. a. perprolate and b. prolate.

3.2. Pollen germination medium optimization in vitro

The pollen growth medium was optimized in cashew varieties (VRI-
3, Bhaskara and Madakkathara-2) based on in vitro pollen germination.
Cashew varieties exhibited significant changes in pollen germination
under different growth media tested (Table 4). The germination medium
consisting of 5% and 10% sucrose did not result in any germination
(Table 4). However, increased sucrose and PEG concentrations resulted
in increased pollen germination. Among the different growth media
tested, the growth medium consisting of 15% PEG+ 1mg Boric acid+
3mg CaNOs+ 2mg MgSO4 resulted in better pollen germination with
average pollen germination percentage of 75.28% for all the studied
cashew varieties (Table 4).

3.3. Male flower opening pattern and pollen performance in male flower

Cashew produces flowers in large inflorescence which often called as
panicle. Cashew panicle is characterized by unique features with
occurrence of both hermaphrodite and male flowers together. Cashew

Table 4
Effect of varying levels of sucrose and polyethylene glycol on the pollen
germination of three cashew varieties in a liquid medium.

Pollen germination (%)

VRI-3 Bhaskara M-2
Media 1 0 0 0
Media 2 0 0 0
Media 3 3.279 +0.51 2.16% £0.22 1.869 £0.13
Media 4 10.35° +0.41 7.56° +2.01 9.84° +0.14
Media 5 20.16" +1.14 14.05" +0.59 13.32" +1.23
Media 6 84.83* +1.73 75.40* +1.36 65.61* +1.51

Note: Medium 1: Sucrose 5%-+1mg Boric acid+CaNOs; 3 mg+ MgSO4 2 mg,
Medium 2: Sucrose 10%-+1mg Boric acid+CaNO3 3 mg+ MgSO,4 2 mg, Medium
3: Sucrose 15%-+1mg Boric acid+CaNO3; 3 mg+ MgSO4 2 mg, Medium 4: PEG
5%-+1mg Boric acid+CaNO3 3 mg+ MgSO,4 2 mg, Medium 5: PEG 10%-+1mg
Boric acid+CaNO3 3 mg+ MgSO,4 2 mg and Medium 6: PEG 15%-+1mg Boric
acid+CaNO3 3 mg+ MgSO,4 2 mg. Means followed by different letters in a col-
umn are significant (p<0.05).

produces white to light green colour flowers which turns to pink after
dehiscence. Cashew produces identical hermaphrodite and male
flowers; however, male flowers are relatively smaller than hermaphro-
dite ones and also lack pistil in all the studied varieties (Fig. 2a-c). In the
present study, the male flower opening pattern as well as the pollen
collection time was studied. It was observed that significantly high
number of male flowers opened between time intervals of 9.30 am to
11.30 am in all the studied varieties (Fig. 3). The pollen germination was
high at 9.30 am (49%), 10.30 am (85%) and 11.30 am (65%) compared
to those at 7.30 am (2.3%) and 8.30 am (16.6%) in all the studied
cashew varieties (Fig. 3).

After the standardization of pollen collection time, pollens of five
cashew varieties (VRI-3, Ullal-3, Vengurla-4, Bhaskara and
Madakkathara-2) were collected between 9.30 am to 11.30 am to
evaluate pollen germination (Fig. 4). Pollen germination showed sig-
nificant differences among studied cashew varieties (p<0.05). Among
the varieties, VRI-3 had the highest germination percentage (71.4%)
followed by Ullal-3 (69.3%), Vengurla-4 (64.7%), Bhaskara (63.8%) and
Madakkathara-2 (61.5%) (Fig. 4).

3.4. Changes in pollen germination during flowering seasons

To study the changes in pollen germination during the flowering
seasons, pollens of early cashew varieties (VRI-3, Ullal-3 and Vengurla-
4) were collected during January whereas pollen collection time was
restricted to March for both mid and late cashew varieties (Bhaskara and
Madakkathara-2). Minimum, maximum and weekly average tempera-
ture were recorded for both January and March (Fig. 5A). For January,
the minimum and maximum temperature were in the range from 18.6°C
to 20.3°C and 22.6°C to 25.0°C for all the four weeks. Significant in-
crease in temperature was recorded at March where minimum and
maximum temperature were in the range from 22.0°C to 24.4°C and
33.1°C to 35.9°C (Fig. 5A).

Pollen germination of VRI-3, Ullal-3 and Vengurla-4 was also
recorded at weekly interval during flowering season of January. The
weekly pollen germination showed variable response with mean per-
centage of germination ranging from 46.2% to 63.4% for VRI-3, from
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Fig. 2. Cashew flower morphology: A. cashew inflorescence bearing both male and hermaphrodite flowers; B. male flower and C. hermaphrodite flower.
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Fig. 3. Germination percentage of fresh pollens from male flowers collected at different time intervals of three cashew varieties. Pollens of VRI-3, Bhaskara and
Madakkathara-2 (M-2) were collected at 7.30 am, 8.30 am, 9.30 am, 10.30 am, 11.30 am and 12.30 am. Significant differences among varieties were expressed with

different letters (p<0.05). Error bars represent +SE.

40.2% to 58.9% for Ullal-3 and from 37.8% to 50.2% for Vengurla-4
(Fig. 5B). Overall, VRI-3 exhibited higher pollen germination (54%)
followed by Ullal-3 (49.5%) and Vengurla-4 (44.5%). The average pol-
len germination of the three varieties was low (41.4%) during first week
of January with minimum temperature of 18.6°C. It increased to 46.5%
in the second week with increase in minimum temperature to 19.2°C.
Similar trend followed in the third week also where pollen germination
increased significantly (51.9%) with rise in temperature (minimum and

maximum of 19.9°C and 24°C). The highest rate of germination of pollen
was observed in the fourth and final week (57.5%) with minimum and
maximum temperature of 20.3°C and 25.0°C. Pollen germination was
also positively correlated to temperature (minimum, maximum and
average temperatures) for early varieties in the present study (Table 5).
Pollen germination rate was assessed for Bhaskara and Madakkathara-2
during March (Fig. 5C). The weekly pollen germination was highly
variable exhibiting the opposite trend than that of early cashew varieties



B. Mog et al.

80 1

Pollen germination (%)

N w H u1 [<2] ~N
o o o o o o
L L L L L L

=
o
1

VRI-3 Ullal-3 V-4 Bhaskara

Varieties

A 4 Min B Max AAvg

TEMPERATURE ("C)
- = N N w
o v o v o v o
*
°
*
*
*

1 2 3 4 1 2 3 4

JANUARY MARCH
MONTH (WEEK)

(o~
~
N

100 E==3VRI-3 EZZ@Ullal-3 EEE8 V-4 == Min Max Avg

N)
i

80

N
[

=
o

60

40

Pollen germination (%)

20

1 2 3 4

Flowering season (weeks)

Temperature (°C)

Pollen germination (%)

80

60

40

20

Scientia Horticulturae 314 (2023) 111957

Fig. 4. Pollen germination in male flowers of five
cashew varieties. Pollens of VRI-3, Ullal-3, Vengurla-4
(V-4), Bhaskara and Madakkathara-2 (M-2) were
collected between 9.30 am to 11.30 am to evaluate
pollen performance in male flowers in terms of pollen
germination. Significant differences in pollen germina-
tion were expressed with different letters (p<0.05).
Error bars represent +SE. Note: Initially, flowering
panicles with dehiscing male flowers were collected at
different time intervals (timings of 7.30 am, 8.30 am,
9.30 am, 10.30 am, 11.30 am and 12.30 noon) for a
period of 10 days in cashew varieties (VRI-3, Bhaskara
and Madakkathara-2). Pollen germination percentage
of these flowers were recorded in order to identify the
optimal pollen collection time for pollen germination
studies. The pollen germination was high at 9.30 am
(49%), 10.30 am (85%) and 11.30 am (65%) compared
to those at 7.30 am (2.3%) and 8.30 am (16.6%) in all
the studied cashew varieties. After the standardization
of pollen collection time, pollens of five cashew vari-
eties (VRI-3, Ullal-3, Vengurla-4, Bhaskara and
Madakkathara-2) were collected between 9.30 am to
11.30 am to evaluate pollen performance in terms of in
vitro pollen germination. Mean Pollen germination
values of each variety were presented in Fig. 4.
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Fig. 5. Germination percentage of five cashew varieties during flowering season. A. Trend of minimum, maximum and average temperature measured during
flowering seasons of January and March, B. Pollen germination recorded for VRI-3, Ullal-3 and Vengurla-4 (V-4) during flowering season of January and C. Pollen
germination recorded for Bhaskara and Madakkathara-2 during flowering season of March. Pollens of early cashew varieties (VRI-3, Ullal-3 and Vengurla-4) and mid
and late varieties (Bhaskara and madakkathara-2) were collected during flowering seasons of January and March. Changes in percentage pollen germination for
early, mid and late cashew varieties were recorded at weekly interval. Differences in pollen germination for each week were expressed with different letters (p<0.05).

Error bars represent +SE.

studied. Among the four flowering weeks studied in Bhaskara and
Madakkathara-2, the pollen germination was highest (47.9%) during the
first week of March followed by a noticeable reduction in the subsequent
weeks while it was only 36.1% during final week of March. Bhaskara
had higher germination rate (44.3%) compared to Madakkathara-2
(39.1%) for all the four weeks of flowering season. The correlation

between germination of pollen and temperature exhibited differential
response for mid and late varieties unlike the early varieties. No corre-
lation was observed between minimum temperature and pollen germi-
nation whereas, maximum and average temperatures were significantly
and negatively correlated with pollen germination (Table 5).
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Table 5

Relationship among pollen germination and minimum, maximum and weekly
temperatures recorded for early varieties (VRI-3, Ullal-3 and Vengurla-4), mid
variety (Bhaskara) and late variety (Madakkathara-2) during flowering seasons.

Pollen germination/ Variety Minimum temp Max temp Avg. temp.
VRI-3 0.974* 0.985* 0.987*
Ullal-3 0.975* 0.993** 0.997**
Vengurla-4 0.986* 0.92* 0.95*
Bhaskar -0.923 -0.981* -0.989*
Madakkathara-2 -0.914 -0.99%* -0.991%*

Note: * and **, correlation is significant at 0.05 and 0.01 level, respectively.

3.5. Invitro pollen germination under controlled condition

Wide pollen germination variability was observed among the studied
cashew varieties at different controlled temperatures (Table 6 and
Fig. 6). At 5°C temperature, pollen germination was not seen. At 10°C,
early varieties (VRI-3, Ullal-3 and Vengurla-4) showed germination rate
of 4.3%, mid variety (Bhaskara) 1% and no germination for late variety
(Madakkathara-2). In early varieties, the germination was significantly
(p<0.05) high at 20°C (59.3%), 25°C (75.2%) and 30°C (33.7%).
Further increase in temperature reduced the germination rate to 21.3%
at 35°C, 4.4% at 40°C and no germination above 40°C for early cashew
varieties. For mid variety Bhaskara also, the germination was signifi-
cantly high at 25°C (45.6%), 30°C (57.8%) and 35°C (38.9%). However,
it could exhibit relatively higher pollen germination (13.2%) at 40°C
compared to early varieties, yet, percentage of pollen germination was
significantly affected at temperature more than 45°C. Madakkathara-2
also followed the similar pattern as that of Bhaskara, where, the
maximum pollen germination was noticed between 25°C to 35°C and
very poor pollen germination beyond 45°C.

3.6. Biochemical parameter

Total sugar content was estimated and sugar profiling was also car-
ried out in collected pollen grains and the results are presented in
Table 7. The content of total sugar ranged from 79.9 mg/g to 134.3 mg/g
in all the studied cashew varieties. Significant differences in total sugar
content were observed among early, mid and late cashew varieties. The
average total sugar content was 129.8 mg/g for VRI-3, Vengurla-4 and

Table 6
Pollen germination of five cashew varieties in response to controlled
temperatures.

Temperature Pollen gemination (%)
(O]
VRI-3 Ullal-3 Vengurla- Bhaskara Madakkathara-
4 2
0 0 0 0 0
10 5.23f 4.12° 3.670 18 0
+0.399  +0.540  +0.588 +0.064
15 20.2¢ 18.1¢ 12.5° 5.65 3.32f +0.383
+1.276  +1.332  +0.559 +0.493
20 68.4° 59.78° 49.98° 28.98¢ 20.34% +£0.721
+0.517  +2.672  +0.783 +0.647
25 81.32° 74.56% 69.89% 45.64° 35.34" +0.502
+1.863  +0.342  +0.569 +1.823
30 38.92° 32.32° 29.98° 57.86% 50.45% +2.158
+1.710  +1.232  +0.656 +0.441
35 25.214 20.12¢ 18.78¢ 38.93¢ 31.23° +1.240
+1.106  +1.084  +0.976 +0.919
40 6.72f 4.23¢ 2.43f 13.23¢ 12.12° +1.037
+0.327  +0.287  +0.356 +1.263
45 0 0 0 18 1.5% +£0.566
+0.179
50 0 0 0 0 0

Means followed by different letters in a column are statistically significant
(p<0.05).
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Ullal-3 (early varieties) followed by 118.3 mg/g for Bhaskara (mid va-
riety) and 79.9 mg/g for Madakkathara-2 (late variety). Among the
varieties studied, total sugar content was higher in VRI-3 (134.3 mg/g)
and lower in Madakkathara-2 (79.9 mg/g). Based on the sugar profiling
data, glucose and fructose were the main soluble carbohydrates found in
cashew pollens in the present study. Relatively smaller amount of su-
crose was also detected in the cashew pollens. Other sugar types were
also detected in minute quantity in the pollens (< 1mg/g). Higher
fructose and glucose content was recorded in VRI-3 (54.90 mg/g) and
Ullal-3 (37.34 mg/g) and lower in Madakkathara-2 (38.05 mg/g and
24.24 mg/g) among all the studied cashew varieties. Sucrose content
ranged from 2.55 mg/g in Madakkathara-2 to 4.95 mg/g in Ullal-3.

4. Discussion
4.1. Morphology of pollen

Pollen morphological studies are very important for understanding
the taxonomy, phylogeny and palaeobotanical history of plants. More-
over, determination of inter specific and intraspecific relationship be-
tween fruit tree species mainly depends on pollen morphological studies
which influence the pollination, fertilization and ultimately fruit
development processes (Javady et al., 2001, Khaleghi et al., 2019). The
identification and differentiation of plant classifications and taxonomy
of closely related and unknown taxa also depend on pollen morpho-
logical data (Quamar et al., 2017, Rui Dong et al., 2020). Pollen size,
shape, exine pattern, length and width of colpus and structure of wall
etc. are the major morphological and structural features for the identi-
fication of plant species (Bahadur et al., 2018, Mass et al., 1977). Amidst
various tools to study pollen morphology, scanning electron microscopy
(SEM) studies are most widely used tool for pollen morphological
studies including for taxonomic purposes as well as for identification of a
variety or a cultivar (Lanza et al., 1996, Mortazavi et al., 2010).

So far, no studies on pollen morphological traits are reported in In-
dian cashew varieties. So, the present study holds good to understand
the palynological characteristics of cashew. In this study, significant
differences in pollen morphological characteristics were found among
all the studied cashew varieties. The size of cashew pollen grains was
medium consisting of 46.0um polar length and 24.8um equatorial width
in elliptical or prolate shape. Studies in several fruit crops viz., pear
(Westwood et al., 1978), apricot (Arzani et al., 2005, Thakur et al., 1970,
Dezhong et al., 1995) and plum (Gilani et al., 2010) also reported almost
similar size of pollen grains. The present pollen morphological features
such as polar axis length and equatorial axis width data were also in
consistent with studies reported by Kahraman et al. (2013) where almost
similar size was reported in Vicia species. The ratio of P/E was signifi-
cantly different among the varieties which was recorded using SEM
images of cashew pollen grains. The values of P/E ratio were 1.98,1.68,
1.73, 2.03 and 1.88 for VRI-3, Ullal-3, Vengurla-4, Bhaskara and
Madakkathara-2. Similar data was also quoted by Rui Dong et al. (2020).
The exine ornamentation was thick, striate to reticulate type and was
separated by grooves. Small perforation was also observed on the outer
surface of exine.

Pollen size is an important trait influencing pollination of plant
species. Plants with larger pollens have several advantages such as faster
germinability and higher viability due to presence of more energy re-
serves than those with smaller pollens (Britnie et al., 2016). Pollen size
also positively correlate with pistil length, length of style and pollen tube
growth which influences pollinator attractiveness (Mazer et al., 2016).
In this study, the size of cashew pollen was medium and VRI-3 exhibited
higher polar length (48.53um) while equatorial width was higher in
Ullal-3 (27.68 um). This clearly indicates the varietal differences in
pollen size. Over all, early varieties (VRI-3, Ullal-3 and Vengurla-4) had
bigger pollens (polar and equatorial length of 46.8 ym and 26.1 um) than
mid variety, Bhaskara (45.67 um and 22.49 um) and late variety,
Madakkathara-2 (43.91 pm and 23.27 um). Though it was not studied,



B. Mog et al.

90.00
80.00
70.00
60.00
50.00
40.00
30.00
20.00

Pollen germination (%)

10.00

0.00
5 10 15 20

Scientia Horticulturae 314 (2023) 111957

eme\/R|-3 e=sswBhaskara e \-2

25 30 35 40 45 50

Temperature (°C)

Fig. 6. Invitro pollen germination of cashew varieties in response to temperature throughout the experimental period. Varieties with variation in pollen germination
(VRI-3: early; Bhaskara: mid and Madakkathara-2: late) are presented for clarity. Error bars indicate +SD.

Table 7
Total sugar content and sugar profiling in pollens of five cashew varieties
collected during flowering seasons.

Parameters ~ Madakkathara-  Vengurla- Ullal-3 Bhaskara VRI-3
2 4
Total sugar ~ 79.9° +0.557 129.3° 125.8° 118.3¢ 134.3%
+0.625 +0.503 +1.320 +1.331
Ribose 0.8184+0.016  0.557° 2.94° 1.545" 1.357¢
+0.021 +0.063 +0.009 +0.038
Arabinose  0.105° +£0.001  0.289° 0.409* 0.313° 0.206¢
+0.002 +0.003 +0.006 +0.002
Xylose 0.172¢ £0.002  0.056° 0.281° 0.356° 0.195¢
+0.002 +0.008 +0.008 +0.004
Rhamnose  0.0149 40.001  0.019¢ 0.036% 0.027° 0.019¢
+0.001 +0.001 +0.001 +0.001
Fucose 0.038° £0.001  0.045° 0.015¢ 0.065° 0.035¢
+0.002 +0.001 +0.002 +0.001
Fructose 38.059° 51.308° 49.363°  47.549¢ 54.903°
+0.176 +0.016 +0.068 +0.339 +0.371
Glucose 24.243¢ 26.603¢ 37.343° 33.003° 27.691¢
+0.148 +0.023 +0.206 +0.009 +0.124
Mannose 1.589" £0.054  1.437" 1.271¢ 1.87 1.442°¢
+0.042 +0.035 +0.028 +0.084
Galactose 0.192¢ +0.009  0.144¢ 0.783% 0.499° 0.337¢
40.003 +0.039 40.039 40.005
Inositol 1.291%° 1.345% 1.239° 1.105° 1.268°
+0.014 +0.018 +0.021 +0.025 +0.031
Sorbitol 0.836° +£0.011  0.249° 0.966" 0.702¢ 1.098%
+0.021 +0.029 +0.012 +0.049
Sucrose 2.555° £0.028  3.423¢ 49552 2.648¢ 4.253°
+0.006 +0.002 +0.002 +0.011
Maltose 0.032° £0.002  0.042¢ 0.052° 0.236° 0.132°
+0.001 +0.001 +0.006 +0.002
Trehalose 0.004° £0.001  0.01° 0.008¢ 0.019° 0.012°
+0.001 +0.001 +0.001 +0.001
Lactose 0.021¢ £0.001  0.015° 0.05° 0.054° 0.03°
+0.001 +0.001 +0.001 40.001

All values are expressed as mg per g pollen. Means followed by different letters
in a row are statistically significant (p<0.05).

pollen size is found to play significant role in regulating dessication
tolerance of pollen grains. Few studies indicated positive correlation
between pollen size and desiccation pressure where pollen size
increased under intense desiccation stress (Maciej et al., 2011; Nogue
et al., 2022). While others reported that pollen grains tend to be smaller
in size in high desiccation tolerant species and much bigger in less
desiccation tolerant ones existing in dry forest conditions (Nogue et al.,

2022). They further observed that pollen grains with high desiccation
tolerance survived longer under low moisture conditions enabling better
dispersal and crossing between different species. Low desiccation
tolerant pollen grains survived for few hours after anther opening and
germinated immediately whenever moisture was available and also
exhibited death in absence of moisture. These make pollen more sus-
ceptible to desiccation causing early pollen death and more narrow
pollination window (Franchi, 2002; Pacini et al., 2006). These findings
clearly support the present data in cashew where mid and late varieties
produced smaller pollen grains which might be one of the adaptive
mechanisms for desiccation tolerance.

Apart from pollen size, presence of apertures (furrows and pores) in
pollen grains happens to be one of the traits affecting desiccation
tolerance (Nogue et al., 2022). The presence of furrows in pollen grains
of high desiccation tolerance helps in controlling changes in pollen
volume during dehydration and rehydration processes (Tweddle et al.,
2003). In the present study, thick furrows and pores were observed on
the exine ornamentation of pollen grains. In cross sectional or longitu-
dinal view, inward folding was also noticed on exine. These pollen traits
viz., smaller size and presence of furrows and pores might also have
contributed in conferring tolerance to desiccation in mid and late vari-
eties due to harmomegathic efficiency allowing variation in pollen
volume with changing moisture content (Franchi et al., 2011).

Mid and late varieties also exhibited lower pollen germination
compared to early varieties in the present study. These might be due to
their high desiccation tolerance traits in pollen grains where initially
pollens exhibit low metabolic activity in dehydrated state followed by
rehydration to start germination process making germination process
slower (Andrew, 2012). However, this transition may be advantageous
for mid and late varieties as pollen grains can remain alive for longer
time in prevailing environments. There are studies indicating the
possible role of high desiccation tolerant pollens as pollinator attractants
for their nutritionally dense food reserves due to their smaller propor-
tion of water (Franchi et al., 2002). Studies on morphological features of
pollens of cashew varieties are not available till date which makes the
present study more valuable and useful to investigate pollen morpho-
logical features of other cashew varieties to understand the pollination
kinetics for enhanced yield.

4.2. Optimization of a pollen germination medium in vitro

A successful germination of pollen and its tube growth of any plant
species depend on interactions of several compounds as well as
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modifications in the concentrations of such compounds for better
response. Among the several osmoregulatory and nutritive compounds,
sucrose and poly ethylene glycol (PEG) play key role in osmo- regulation
(Shivanna et al., 1995) for increased germination of pollen and con-
trolling rupture of pollen grain by regulating permeability of plasma
membrane (Subbaiah, 1984; Shivanna et al., 1995). In addition, varying
concentrations of other mineral salts such as boron, calcium, magnesium
etc. also influence pollen germination and pollen tube growth (Feijo
et al,, 1995). The growth medium for cashew pollen was already
developed by Subbaiah (1984) with 50 to 60 % pollen germination. In
this study, the growth medium was optimized with an aim of increasing
germination of pollen. The concentrations of sucrose, PEG and other
salts were changed suitably in the present study. The earlier cashew
medium developed by Subbaiah (1984) consisted of different combi-
nations of sucrose and PEG with boron and calcium and increased
germination was observed with combined effect of both sucrose (20%)
and PEG (30%). Growth compounds viz., sucrose, PEG, boric acid and
other mineral salts (calcium nitrate and magnesium sulphate) were
included in the optimized growth medium.

Out of all the different combinations tested, the growth medium
consisting of 15% PEG+1mg boric acid+3mg calcium nitrate+2mg
magnesium sulphate resulted in maximum pollen germination
(75.28%). These data clearly indicate significance of PEG as osmotic
compound for enhanced pollen germination compared to sucrose. Usu-
ally, plant cells take up sucrose more readily in large quantities which
might affect germinating pollens by disturbing osmotic relations (Goode
et al., 1965). In case of PEG, the phenomena are different. Usually, PEG
of high molecular weight is utilized in the growth medium which
facilitate little entry into the cell for the maintenance of cell metabolism
and proper regulation of osmotic relations (Handa et al., 1982; Janes,
1974). Zhang et al. (1982) also reported similar works in petunia species
where PEG 4000 resulted in better germination compared to sucrose
medium.

4.3. Ideal time of pollen collection

Small and large stamens of hermaphrodite and male flowers produce
pollens of four distinct types in cashew. Cashew is andromonoecious
having sticky pollen and even longer stamen of the hermaphrodite
flower is shorter than style, thus making self-pollination difficult and
hence favouring cross-pollination by insects. Several studies showed
that fruit set in cashew is mainly influenced by the activity of pollinators
(Freitas and Paxton, 1996; Reddi, 1993). Flies (Roubik, 1995), moths
(Kevan, 1975) and bees (Bhattacharya, 2004; Freitas and Paxton, 1998;
Heard, 1990) have been recorded as cashew pollinators worldwide.
Among them, bees are considered as important pollinators of cashew in
India (Sundararaju, 2011). A total of thirteen bee species belonging to
Apidae and Halictidae were recorded as pollinators of cashew flowers in
Karnataka. Within bees of Apidae, the highest species abundance was
recorded for Braunsapis picitarsis (20%) followed by Apis cerana indica
(16.7%). Bees of Halictidae contributed to 24.4% of bee abundance,
among which Pseudapis oxybeloides was most abundant (17.6%). Peak
bee activity was recorded between 11.00 and 13.00 h for most of the
bees. The peak foraging period of the bees were between 11.00 am and
1.00 pm (Vanitha and Raviprasad, 2019). Peak anthesis of the cashew
flowers occurs between 9.00 and 11.00 h (Rao and Hassan, 1957) and
more than 85% open during forenoon hours. It is important to note that
peak foraging period of pollinators occurs when maximum flowers
remain open, which is very much advantageous for effective pollination
in cashew.

Cashew pollen falling by gravity on receptive stigma is not a factor
because cashew pollen grains are sticky and hence circumstances of
falling by gravity is ruled out. Non-dehisced anthers are pinkish in
colour and when bees visit these anthers pollen grains stick to their body
parts which helps in pollination when they visit bisexual flowers.
Furthermore, greyish pollen dust formed from the dehisced anthers after
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getting enough sunlight is also not able to fall by gravity as it forms ball
of sticky mass. To effect cross pollination, the male flowers with
dehisced anther heads having greyish mass of pollen dust have to be
plucked and their anther heads need to be rubbed or brushed over the
stigma. Cashew trees produce four types of pollen from the large and
small stamens of the hermaphrodite and male flower (Wunnachit et al.,
1992). They are hermaphrodite large (HL), hermaphrodite small (HS),
male large (ML) and male small (MS). Despite early suggestions that
cashew is wind pollinated (Haarer, 1954; Aiyadurai and Koyamu, 1957;
Rao and Hassan, 1957), later studies through bagging of panicles (to
exclude insects and wind as pollinating agent) and caging / bagging with
nylon mosquito nets (allow access to wind but exclude insects) have
proven that wind does not have any role and insects play a key role in
pollination of cashew (Reddi, 1991; Frietas and Paxton, 1996).

There are several contradictory reports on production of pollens by
hermaphrodite and male flowers in other crops. Wunnachit et al. (1992)
reported that hermaphrodite and male flowers produce pollens with no
difference in pollen number in cashew. On the other hand, workers viz.,
Perez et al. (2019) and Gehrke-Velez et al. (2011) reported production of
more pollens by hermaphrodite flowers than by male ones in mango.
The regulatory roles of both male and hermaphrodite flowers in cashew
were reported by Wunnachit et al. (1992). They opined that the me-
tabolites viz., sugar and amino acid content was high in pollens pro-
duced from hermaphrodite flowers compared to male flowers and were
highly nutritious. Thus, pollens from hermaphrodite flowers serve as
food reserves to attract insect pollinators and has limited effect on
fertilization. On the other hand, male flowers produce pollens with
higher fertility and also act as an important source to provide pollens for
pollination and fruit set. Similar results were also reported in Cassia
species where large anthers from male flowers produced pollens for
pollination whereas, both small and large anthers from hermaphrodite
flowers produced pollens for bee consumption (Dulberger, 1981 b).
There are several studies exhibiting the role of hermaphrodite flowers in
proper fruit set and enhanced nut yield in cashew, however, Wunnachit
et al. (1992) gave their opinion that selection of cashew varieties with
more hermaphrodite flowers may not always result in higher yield.
Therefore, male flowers may also be taken into consideration while
selecting varieties as male flowers are very efficient for increased pollen
germination and better penetration of ovule. These clearly indicate the
significant role of male flowers in crop development and production.
Therefore, in vitro pollen germination studies were restricted to only
male flowers in the present study.

Cashew panicle bears both hermaphrodite and male flowers together
and thereby exhibit andromonoecy trait (Purseglove, 1968). A typical
monochasial cyme arrangement is observed in cashew panicle where
each cyme consists of a hermaphrodite flower in terminal position and
two male flowers in lateral positions (Copeland, 1961). Both cashew
flower types show differential opening patterns. During flowering, male
flowers open early in the morning followed by hermaphrodite flowers
several hours later. However, it varies with different growing areas and
flower location in the canopy. For instance, male flowers open between
6 am to 2 pm in India (Damodaran et al., 1965), 6 am to 6 pm in
Tanzania (Northwood, 1966) and 5 am to mid-day in Thailand (Wun-
nachit,1992) reaching peak in two to four hours after the opening.
Studies by Damodaran et al (1965) and Northwood (1966) reported that
flower opening and anther dehiscence also depend on the flower loca-
tion in a panicle where flower opens early and anther dehiscence starts
and finishes earlier in the canopy facing towards sun compared to the
panicle on the shaded side of the tree. The time period between 9.30 am
to 11.30 am corresponded to most of male flowers opening in this study.
Thus, pollen collection time was restricted to 9.30 am to 11.30 am to
study pollen performance in terms of pollen germination in studied
cashew varieties. Similar studies were also reported in perennial crops
like coconut where pollens of male flowers exhibited higher pollen
germination at the time interval between 8.30 am to 10.30 am (Hebbar
et al., 2018; Menon et al., 1958).
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4.4. Temperature response on pollen germination during flowering
seasons (in vivo)

The plant life cycles are governed by several developmental stages
such as vegetative and reproductive traits, responsiveness towards sur-
rounding environments etc. Changes in climatic variables influence
reproductive traits development with most significant effect on
phenology of flowering (Menzel et al., 2006; Mohammed et al., 2018).
Flowering phenology is controlled by several climatic parameters, yet,
sensitivities to increase in temperature is most widely studied. Usually,
plants are categorized as early, mid and late types based on their season
of flowering and in turn exhibit differential phenological development
for inducing changes in their reproductive development. Increase in
temperature affects the phenological stages of mid and late flowering
plants most compared to early types (Meng et al., 2016).

In cashew, early, mid and late varieties exhibit differential response
of flower opening in terms of initiation of flowering and flowering
duration. For early varieties, initiation of flowering starts in November
to December and continues up to January. For mid variety, flowering
initiation starts in December to January and continues up to March
while for late variety, flowering initiation starts in January to February
and continues up to April. Due to flowering seasons, phenology of mid
and late varieties coincides with increase in temperature. In the present
study, five varieties viz., VRI-3, Ullal-3, Vengurla-4, Bhaskara and
Madakkathara-2 were used for temperature response studies due to their
differential flower opening patterns. VRI-3 is early and long duration
variety with flowering duration of 75-80 days. Both Vengurla-4 and
Ullal-3 are early and short duration varieties with flowering duration of
70 to 75 days and 65-75 days. Bhaskara is mid variety with mid duration
of 75-80 days. Madakkathara-2 is late variety with short duration up to
75 days (Nayak, 2014).

The germination of pollens was quantified in early, mid and late
varieties during their flowering seasons in this study. The results indi-
cated more sensitivities of mid and late varieties to increase in tem-
perature. Significant increase in pollen germination was recorded for
early varieties at the end of flowering seasons which correlated with
increase in temperature during January. There are several studies in
mango which support the present results (Perez et al., 2019; Issar-
akraisila et al., 1992). Variable responses in terms of pollen germination
were also observed for mid and late varieties. Unlike early varieties,
pollen germination was reduced significantly during the final flowering
week with increase in temperature in March. Further, studies by Suonan
et al. (2017) confirms the findings of this present study. Under the
climate change scenario, it is also predicted that temperature will in-
crease more invariably especially during summer which will ultimately
worsen the conditions of those plant species that flowers towards sum-
mer. Therefore, the phenology and functioning of mid and late flowering
varieties are likely to get affected more than to early flowering types
(Takkis et al., 2018). The present results also support the fact. The mid
and late flowering plant species might face the high temperature impacts
on their phenology in terms of changes in flowering pattern as well as
yield due to depletion of available soil moisture, changes in species
distribution, reduction in crop production, disturbance in nutrient bal-
ance and recycling (Richardson et al., 2013).

Severe moisture stress exists in cashew during January to May. Due
to depletion of available soil moisture during extended drought periods,
cashew also experiences high temperature stress affecting yield. One of
such incidence of extended drought periods and rise in temperature was
reported in cashew plantations of Kerala during 1983 to 1986 where
cashew yield reduced to the extent of 50% due to inflorescence drying
and incidence of inflorescence thrips (Veeraragharan et al., 1990).
Veeraragharan et al. (1990) also reported that mid and late varieties
tend to suffer more as the flowering time coincides with moisture stress
periods and high temperature (>34°C) during January to May. All these
studies positively support the present study where pollens of Bhaskara
and Madakkathara-2 exhibited low germination during the final
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flowering week of March with maximum temperature above 35°C.

In the present study, low temperature induced reduction in pollen
germination was also observed among five varieties other than high
temperature induced responses. Low temperature induced reduction in
pollen germination was more evident in case of early varieties especially
during initial weeks of flowering seasons in January. In contrast, pollen
germination increased during the initial flowering weeks with no effect
of low temperature in mid and late varieties. This may be due to their
differential flowering seasons. Early cashew varieties flower during peak
seasons of December to January where average minimum temperature
ranges between 15-18°C. Mid and late cashew varieties flower during
January to March and March to May where average minimum temper-
ature ranges between 20.3 to 25.0°C. Thus, mid and late varieties might
partially escape from low temperature under in vivo conditions. How-
ever, to validate the same, germination of pollen was recorded under in
vitro conditions in growth chamber at ten constant temperatures (5 to
50°C). Mid and late varieties exhibited significant reduction in pollen
germination at low temperature which are discussed subsequently.
Several workers viz., Sukhvibul et al. (2000), Huang et al. (2010),
Gaurang et al. (2015) and Perez et al. (2019) also reported the same.

4.5. Pollen germination under controlled temperatures

After studying the differential responses of pollens during flowering
seasons, pollen germination was tested in vitro at 5°C to 50°C tempera-
tures and varietal differences for pollen germination was estimated.
Pollen germination reduced significantly in all the varieties in response
to low temperature. At 10°C, the germination percentage were 4.3% for
early varieties, 1% for mid variety and no germination for late cashew
variety. Pollen germination was maximum at optimum temperature
ranges between 20°C to 30°C for early varieties and between 25°C to
35°C for mid and late varieties. Several studies in mango (Perez et al.,
2019, Sukhvibul et al., 2000; Huang et al., 2010), avocado (Alcaraz
et al., 2011), lychee (Stern et al., 1998) and longan (Pham et al., 2015)
support the results as reported in the present study. The present study
also reports the fact that beyond the optimum range of temperature,
pollen germination reduced as temperature increased. At 40°C, pollen
germination was significantly affected in early varieties (VRI-3, Ullal-3
and Vengurla-4) to the tune of 4.4% whereas, relatively better germi-
nation was observed for mid variety (Bhaskara) and late variety
(Madakkathara-2) to the extent of 13.2% and 12.1%. Although, germi-
nation was negligible at 45°C where no germination was recorded for
early varieties, yet some germination was recorded for mid variety (1%)
and late variety (1.5%). It may be further indicated that mid and late
varieties exhibit better tolerance to high temperature than early vari-
eties. These clearly reflect the adaptation strategies of different varieties
to different flowering dates. Thus, mid variety, Bhaskara and late vari-
ety, Madakkathara-2 can be introduced as high temperature tolerant
varieties and pollens of such varieties may be used in breeding pro-
gramme to transfer the heat tolerance trait into sensitive varieties for
enhanced tolerance for their multiplications in extreme environments.
Similar studies were also reported in cotton (Garay et al., 1988) and
tomato (Peet et al., 1997). In cashew, tea mosquito bug (TMB) is major
insect pest causing considerable yield loss up to 50-60%. However,
studies have shown the lesser incidence of TMB during summer when
high temperature exists (Sree Kumar et al., 2011). These are the reasons
that Bhaskara and Madakkathara-2 escape from TMB damage due to
their flowering dates during hot summer. These also clearly support the
benefit of using Bhaskara and Madakkathara-2 as temperature tolerant
varieties for enhanced yield.

Positive correlation between germination of pollen and final fruit set
is reported in several annual crops such as groundnut, bell pepper etc.
under high temperature (Prasad et al., 1999; Aloni et al., 2001). The
same aspect needs further validation in cashew too where Bhaskara and
Madakkathara-2 needs thorough screening in field conditions under
high temperature to evaluate fruit set and nut yield. Currently, studies
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on this line are ongoing under field for evaluation of high temperature
effect on fruit set and yield of cashew varieties.

4.6. Sugar profiling in cashew pollens

Important plant metabolites mainly sugar accumulation was esti-
mated in pollens of five cashew varieties which were collected during
final flowering week of January and March when maximum temperature
reached 25°C and 35°C. Based on sugar profiling, glucose and fructose
were found to be the most abundant reducing sugars in all the studied
varieties in the present study. However, total sugar content as well as
reducing sugars were higher in early varieties (VRI-3, Vengurla-4 and
Ullal-3) in contrast to mid variety (Bhaskara) and late variety (Madak-
kathara-2).

Generally, sucrose is collected by the pollens during pollen devel-
opment which further undergoes hydrolysis by invertase enzyme to
convert to glucose and fructose for their utilization at the onset of
germination (Aloni et al., 2001). The presence of more glucose and
fructose content in pollens acts as an important source of energy for
germination. The maintenance of higher glucose and fructose content
might have contributed in higher pollen germination in early varieties at
higher temperature during final flowering season of January (minimum
and maximum temperature ranging from 18°C to 20°C and 22°C to
25°C) as well as at controlled temperature conditions (15°C to 30°C).
Reduced pollen germination in mid and late varieties might be attrib-
uted to reduced sugar content thus affecting the inversion process (su-
crose hydrolysed to glucose and fructose). Studies on metabolite
profiling of mango pollens also support the present results (Shiva-
shankara et al., 2019). The reduced total and reducing sugar content in
both mid and late varieties may also be attributed to utilization of total
sugar during pollen germination as reported in coconut (Hebbar et al.,
2018) and also due to impact of high temperature (reaching above 35°C
during March) on available carbohydrate utilization in pollens thus
hindering the pollen germination process (Pressman et al., 2002).

5. Conclusions

The research findings obtained in this study have served to under-
stand the pollen morphology as well as to develop an optimized pollen
germination medium in vitro for cashew for better understanding of
pollen biology studies of the same. The findings of this study also imply
differential varietal responses to temperature for pollen germination.
The optimum temperature (Top) for pollen germination was 25°C for
early varieties and 30°C for mid and late varieties. However, mid and
late varieties exhibited better tolerance to high temperature beyond
40°C under controlled conditions. Therefore, mid variety (Bhaskara)
and late variety (Madakkathara-2) may be more tolerant to high tem-
perature stress during flowering. Targeted breeding using such tem-
perature tolerant varieties and incorporation of high temperature
tolerance during flowering will be an important adaptative strategy in
regions that are vulnerable to climate change and climate variability.
However, as in other field and horticultural crops, the usefulness of in
vitro pollen germination techniques needs to be further explored to
screen large germplasm of cashew to high temperature.
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