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Floral and pollination biology of
dragon fruit reveals strategies for
enhancing productivity through
pollination management and
reproductive window extension
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Dragon fruit (Selenicereus undatus (Haw.) D.R. Hunt) is emerging as a high-value crop globally.
However, its reproductive biology remains poorly characterized, with conflicting reports ranging

from strict self-incompatibility (allogamy) to self-compatible and autogamy. This study presents a
comprehensive two-year assessment (2023 and 2024) of reproductive phenology, pollination modes,
and floral biology of commercially grown white-fleshed variety (NDFW-1) that belongs to S. undatus
(Haw.) D.R. Hunt, under subtropical Indian conditions. Flowering exhibited inter-annual variation
linked to early summer rains, which acted as floral inducers—highlighting the potential of microclimate
manipulation (fogging, sprinklers, rain guns) to extend the reproductive window. Although the white
fleshed variety (NDFW-1) was self-compatible, manual cross-pollination significantly enhanced fruit
weight, indicating limitations in natural pollination. In contrast, the red fleshed variety (NDFR-1) clone
exhibited strict self-incompatibility, necessitating cross-pollination for fruit set. Anthesis dynamics
and post-anthesis floral bending suggest mechanisms of delayed autogamy but are insufficient

for achieving commercial-grade fruit. Pollen viability and stigma receptivity data identified a well-
synchronized broader pollination window from 4 h before to 12 h after anthesis. These findings
advocate precise, time-targeted pollination preferably early evening or morning hours to improve fruit
set and size, particularly under rain-induced pollination deficit, and offer a validated framework for
optimizing dragon fruit production in emerging regions.

Keywords Anthesis, Microclimate manipulation, Phenology, Pollination deficit, Reproductive window,
Stigma receptivity
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H,0, Hydrogen peroxide

BWNt bagging with wider wire net
BNNt bagging with narrow wire net

tha™ yr™'  ton per ha per year
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The growing awareness of the importance of a healthier diet, combined with the effects of globalization and the
COVID 19 pandemic, has significantly increased the global consumption of fruits, particularly exotic fruits'.
Among these, dragon fruit has emerged as a high-value crop owing to its nutritional richness, vibrant appearance,
moderately sweet and tangy pulp with edible seeds, and diverse culinary uses?. Native to the tropical forests of
Mexico, Central America, and South America®, dragon fruit has recently been taxonomically reclassified as
Selenicereus undatus (Haw.) D.R. Hunt, from its earlier designation Hylocereus undatus (Haworth) Britton &
Rose®®. As a climbing cactus with CAM-based photosynthesis, it is remarkably suited to drought-prone and
high-temperature environments, making it a promising option for marginal lands®. Its water-retaining cladodes
and shallow and dense root system enable its cultivation in resource-poor and degraded lands, such as shallow
basaltic soils”*.

Despite the crop’s long productive lifespan (20-30 years), low maintenance costs, and high returns after
initial establishment!®!!, its performance in newly introduced regions including India remains inconsistent and
suboptimal. Farmers in these areas report yields of only 8-10 tons per hectare per year'?, which is significantly
lower than yields achieved in Vietnam'? and other Southeast Asian countries (~ 20-35 t ha™ yr™"). This yield gap
is largely due to the lack of region-and season-specific management practices and tailored pollination strategies.
Additional challenges such as sunburn!*!>, pest and disease incidence!'®!8, and high rates of flower drop during
the rainy season'>? further exacerbate the problem. Inadequate pollination, resulting from excessive rainfall?!
and the decline of nocturnal pollinators like bats and moths?223, has been identified as a critical limiting factor
affecting both fruit set and fruit size. Studies have shown that supplementary pollination can significantly
enhance productivity and improve fruit quality in crops like strawberry?*?>, kiwifruit?®*’, and even in dragon
fruit, as demonstrated in our previous studies?!.

Pollination biology in dragon fruit is complex. Most of the cultivated species exhibits heterostyly with spatial
separation between stigma and anthers?®, promoting cross-pollination?. However, there are conflicting reports
on the mode of pollination. While some studies suggest autogamy as dominant®, others report strong xenogamy
backed with self-incompatibility®!, particularly in S. polyrhizus. Whereas some studies®? have clarified that
both S. undatus and S. polyrhizus encompasses the cultivars that vary in compatibility: some are self-compatible,
while others are self-incompatible and later clones require assisted pollination for successful fruit set. These
discrepancies are likely due to differences in experimental conditions, species variation, environmental factors,
and floral morphology. Furthermore, under natural conditions, incomplete pollination often results in reduced
fruit size due to insufficient ovule fertilization, even when fruit set occurs®>34,

Understanding floral biology—particularly the timing and synchronization of maturation of male and
female reproductive organs- stigma receptivity, and pollen viability—is thus essential for designing pollination
strategies based on the effective pollination window. In addition to improving pollination efficiency, extending
the reproductive window to enable more and extra flowering cycles per year is another promising strategy for
enhancing productivity. As a tropical species, dragon fruit’s floral induction could be regulated by environmental
cues rather than autonomous internal programs®, making it highly responsive to changes in photoperiod,
temperature and humidity, as earlier studies predicted®*-*%. Being a long-day plant, its production in the Northern
Hemisphere is naturally seasonal, with the main harvest period broadly restricted to April-November!® and
typically observed between June and October” in most of the Asian countries including India. Previous research
has emphasized the day length and highlighted artificial supplementary light as floral induction triggering
factor during short day condition®**’. Despite favourable light conditions following the equinox, dragon
fruit’s reproductive switch is often delayed until mid-May or later in many regions across India®®. This raises
the question: what specific combination of environmental factors is necessary to initiate early flowering in the
season? The present study attempts to address this by meticulously tracking floral bud initiation over two years
in relation to local weather parameters. Recognizing and harnessing these natural cues could offer growers a
practical means to manipulate the microclimate—to stimulate early floral initiation and could help adding an
extra flowering cycle and extend the productive season to enhance annual yield.

Considering the complexities in floral biology and discrepancies in pollination affecting fruit size and yield
of dragon fruit, the study was initiated to revisit existing knowledge gaps in floral and pollination biology and
to develop strategies for extending the reproductive period via inducing early flowering and also pollination
management to enhance overall yield. Specifically, the study sought to: (1) explore strategies for extending
the reproductive window through floral induction based on environmental cues; (2) evaluate the necessity of
supplementary pollination besides validating the mode of pollination; and (3) identify the optimal pollination
window through integrated physiological and in vivo assessment of pollen viability and stigma receptivity.

Results
Reproductive behavior: reproductive period and flowering cycles
In 2023, floral bud initiation in dragon fruit was first recorded on 25th March during the first flowering cycle
and last observed on 4th September in the final flowering cycle. Thus, the reproductive phase spanned a total of
5 months and 13 days during the 2023 season. However, in 2024, the reproductive phase started about 50 days
later, on 13th May, and ended on 21 st September, resulting in a shorter reproductive phase of approximately
4 months and 11 days. This difference reflects a delayed start of initiation of floral bud in 2024, leading to
reduction in reproductive period compared to 2023. As a result of early flowering or reproductive switching,
2023 witnessed nine flowering cycles with an extra flush or flowering cycle as a result of early or advanced flush
compared to eight flowering cycles representing normal flowering pattern in 2024 (Supplementary Table 1).
The durations of important phenological phases like bud initiation to anthesis (BI-A), anthesis to maturity
(A-M), and bud initiation to maturity (BI-M) were varied significantly (p <0.05) across flowering cycles (FLCLs)
during 2023 and 2024 (Table 1). The BI-A phase in 2023 was the longest in FLCL1 (20.95+0.51 days) and the
shortest in FLCL3 (17.05+0.39 days). In 2024, BI-A ranged from 16.10+0.31 days in FLCL3 to 22.40+2.04
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Flowering

cycles BI-A (Days) A-M (Days) BI-M (Days)

2023 2024 2023 2024 2023 2024 2023 2024
FLCLI1 | - 20.95+0.51* | - 30.95+0.22¢ | - 51.90+0.64°

FLCL2 | FLCLI | 18.10+0.45¢ | 18.050.39° | 30.90+£0.31¢ | 32.00+0.32 | 49.00%0.56° | 50.05+0.51®
FLCL3 | FLCL2 | 17.05+0.39¢ | 20.95+0.39° | 32.95+0.22% | 29.05+0.39¢ | 50.00+0.46¢ | 50.00+0.65°
FLCL4 | FLCL3 | 19.00+0.32¢ | 16.10+0.317 | 30.90+0.31¢ | 32.90+0.31* | 49.90+0.45¢ | 49.00+0.46¢
FLCL5 | FLCL4 | 19.95+0.39" | 18.00+0.32° | 32.95+0.39® | 30.00+0.32¢ | 52.90+0.55" | 48.00+0.46¢
FLCL6 | FLCL5 | 18.00+0.32¢ | 21.85+0.37" | 30.90£0.31¢ | 30.95+0.39° | 48.90%0.45° | 52.80+0.62°
FLCL7 | FLCL6 | 19.05+0.39° | 19.00+0.32¢ | 31.00+0.32¢ | 31.00+0.32¢ | 50.05+0.60¢ | 50.00 +0.46°
FLCL8 | FLCL7 | 19.95+0.39" | 19.00+0.32¢ | 33.00£0.32" | 31.00+0.32° | 52.95+0.60" | 50.00+0.46"
FLCL9 | FLCL8 | 20.10+0.31° | 22.40%2.04* | 34.00£0.00° | 30.10+0.31¢ | 54.10£0.31* | 52.50 +2.04°
F stat 199.32%* 148.01%* 375.45%* 250.64** 267.08** 69.40%*
SE(m) 0.09 0.18 0.06 0.08 0.12 0.19

Table 1. Number of days required for initiation of bud to anthesis, anthesis to maturity and bud initiation to
maturity across flowering cycles during 2023 and 2024 in white fleshed Dragon fruit. *Data followed by the
same letter(s) within the same column do not differ significantly at p <0.01 according to Tukey’s test. BI- Bud
initiation; A: Anthesis; M: Maturity or fruit ripening.

days in FLCLS. For the A-M phase, the longest duration in 2023 was recorded in FLCL9 (34.00+0.00 days),
while FLCL2, FLCL4, FLCL6, and FLCL7 showed shorter durations (30.90-31.00 days). However, in 2024,
A-M duration was the highest in FLCL3 (32.90+0.31 days) and the lowest in FLCL2 (29.05+0.39 days). The
total duration from BI to maturity (BI-M) was longest in the last cycles (FLCL9 and FLCLS8) in both the years
(54.10£0.31 days in 2023 and 52.50+2.04 days in 2024), while the shortest BI-M was observed in FLCL6
(48.90+0.45 days) in 2023 and FLCL4 (48.00 £ 0.46 days) in 2024.

Mode of pollination

The fruit set and weight of fruits obtained in NDFW-1 (white-fleshed variety) and NDFR-1 (red-fleshed variety)
upon subjecting to different pollination methods were compared (Table 2). For fruit set, NDFW-1 consistently
showed high fruit set upon following most pollination methods, with 100% fruit set was achieved under manual
self-pollination (MSP), manual cross-pollination (MCP), and open pollination (OP) in both the years. In contrast,
NDFR-1 was able to set fruits (100%) only upon manual cross pollination. Restricted pollination methods, such
as bagging with wider wire net (BWNt) and bagging with narrow wire net (BNNt), resulted in lower fruit set
in both the years (Table 2). However, the fruit set under BWNt was at par with the other pollination methods.
Regarding fruit weight, significant differences were observed for the variety NDFW-1, with MCP resulting in
significantly highest fruit weight (588.35 g in 2023 and 587.40 g in 2024), compared to other methods. MSP
resulted in an average fruit weight of 377.20 g in 2023 and 371.50 g in 2024, significantly higher than restricted
pollination methods but lower than MCP. OP resulted in higher fruit weight compared to restricted pollination
methods, averaging 208.35 g in 2023 and 200.20 g in 2024, but still lower than both the MCP and MSP. Restricted
pollination methods, such as BWNt and BNN, resulted in significantly lower fruit weight, with BWNt averaging
96.13 g in 2023 and 94.07 g in 2024, and BNNt averaging 68.55 g in 2023 and 67.50 g in 2024. The number of
seeds per fruit also varied significantly across pollination methods. In NDFW-1, MCP produced the highest
seed count per fruit (1304 in 2023 and 1355 in 2024), followed by MSP and OP, which showed moderate seed
numbers. The fruit of NDFR-1 was encompassed with about 860 seeds.

Visit of insects and pollinators

Many small nocturnal insects (Blow flies -Calliphoridae) (Supplementary Fig. 2 C), beetles like European chafer
(Rhizotrogus aestivus) (Supplementary Fig. 2 A) and Chafer beetles (Gametis versicolor) (Supplementary Fig. 2D)
visited the flowers during 9:30 PM till 11:00 AM the next day during 6:30 AM to 8:00 AM, honey bees (Apis
cerana indica) frequently visited and walked on flowers either for collection of pollen or nectar (Supplementary
Fig. 2B).

Blooming and bending pattern: phases of anthesis and flower bending

The anthesis and flower bending behavior of white-fleshed dragon fruit variety (NDFW-1) followed a distinct
sequential pattern. The pre-anthesis phase occurred between 6:00-8:00 PM (-2 to 0 h) (Fig. 1A), marked by
the initial unfurling of sepals and petals and gradual floral opening beginning around 7:00-8:00 PM (Fig. 1B),
coinciding with sunset. Full anthesis was initiated at 8:00 PM (0 h) and continued until 6:00 AM (+10 h), with
peak bloom observed between 2:00-4:00 AM (+6 to + 8 h) (Fig. 1C). As dawn approached (10-12 h AA), flowers
began to partially close around 5:00-6:00 AM onwards (Fig. 1D), but complete closure was not observed even
after 10:00 AM (Fig. 1E). Flower bending commenced only after 12 h AA, with no sign of bending between —2
and 12 h AA (bending score: 0.00+0.00). Slight bending was first noted at 14-16 h AA (1.00+0.46) (Fig. 1F),
followed by moderate bending at 16-18 h AA (2.10+0.55) (Fig. 1G). Bending intensified significantly between
18 and 22 h AA (Fig. 1H), reaching scores of 3.05+0.69 to 3.15+0.49 (Fig. 1I), and culminated in complete
bending by 24 h AA with a maximum score of 4.00+0.00 (Fig. 1]) (Table 3).
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Fig. 1. Phases of anthesis or flower opening (A-E) and flower bending (F-J). Bulging of floral bud and
unclasping of sepaloids indicates the initiation of anthesis between 6:00-8:00 PM (A); Opening of flower
represents early phase of anthesis between 7:00-8:00 PM (B); Complete opening of flower indicates the peak
anthesis phase between 2:00-5:00 AM (C); Flower starts closing around 5:00-6:00 AM onwards during late
anthesis phase (D); Closing continues as sepaloids clasped on petaloids and observed only partial closing even
after 10:00 AM (E); Loosened ball of tepaloids starts drooping around 12:00 PM (F); Flower bending initiated
as flower desiccates around 2:00 PM (G); about 20-30% (H) and 80-90% (I) bending observed between 2:00
PM and 4:00 PM, respectively. Complete drooping of flowers with wilting signs observed between 7:00 PM and
8:00 PM (J).

Bending score#
Time interval | (Mean+SD) Bending intensity | Anthesis phases

Pre-anthesis: At the end of dusk, around 6:00 PM, the light green
2h BA 0.00+0.00 No bending sepaloids of the bulged floral buds begin to unfurl. Between 6:30 and
7:30 PM, the flower starts to open gradually.

0-2h AA 0.00+0.00 No bending Anthesis: The unfurling of the sepaloids continues, and the flower

- fully opens between 8:00 and 10:00 PM. This marks the beginning
2-4hAA 0-00£0.00 No bending of anthesis, when the male and female floral parts highly viable and
4-6h AA 0.00+0.00 No bending receptive for effective pollination.
6-8h AA 0.00+0.00 No bending Peak anthesis: The flower remains fully open, and all petaloids are
8-10h AA 0.00%0.00 No bending completely unfurled.

. Late anthesis: At the beginning of dawn, the flower starts to close. A
10-12h AA 0.00+0.00 No bending slow clasping of the petaloids is observed as the rays of sunlight appear.
12-14h AA 0.15+0.37 No bending As the sun rises, the flower begins to close and is partially closed
14-16 h AA 1.00£0.46 Slight bending around 9:00 AM (but in red-fleshed species flower completely closes).
16-18 h AA 2.10£0.55 Partial bending
18-20h AA 305£069 Highly bending The flower remains partially closed, and bending progresses more
20-22h AA 3.15+0.49 Highly bending rapidly as sunlight intensifies and temperatures rise after noon around
22-24h AA 3.80+0.41 Highly bending 4 PM.
24h AA 4.00£0.00 Complete bending

Table 3. Bending intensity and anthesis phases of flower at different time interval of before and after anthesis.
*: 0 h is reference anthesis time for deciding the time interval, 8:00 PM considered as anthesis time; SD:
Standard deviation; number of flower tracked for monitoring bending and anthesis phases; #: scoring was done
according to Boraiah et al.®.

Physiology: anther dehiscence, viability and germination and stigma receptivity
Anther dehiscence was observed to occur between 4:30 PM -5:00 PM, as confirmed through detailed examination
using a magnifying lens (Supplementary Fig. 6 F and 5G).

The pollen viability of white-fleshed dragon fruit was assessed using the acetocarmine (in-vitro) test across
various time intervals during the years 2023 and 2024 (Fig. 2). Pollen viability varied significantly with time,
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Fig. 2. The pollen viability trends over time before and after anthesis in white-fleshed variety during 2023
(A) and 2024 (B). Data analyzed statistically by Kruskal Wallis Test. Data with the same letter(s) do not differ
significantly different at p <0.05. The time of anthesis is designated as 0, corresponding to 8:00 PM.
Pollination Fruit set (%) Fruit weight (g) Fruit length (mm) Fruit diameter (mm) Number of seeds per fruit
time (h) 2023 2024 2023 2024 2023 2024 2023 2024
-12 10+0.31% | od 47.50+10.60° | NES 51.00+1.41% | NFS 47.50+3.53> | NFS 57.50+10.60>¢ | NFS
-6 65+0.49> | 55+0.515 | 338.38+10.12¢ | 344.72+11.00° | 88.15+4.89" |97.27+2.86° |80.76+2.20<¢ |79.36+2.61¢ | 872.90+32.95* | 875.90+24.08¢
-4 100402 100+ 02 368.20+13.22% |376.50+14.73% | 99.45+4.27* | 100.65%5.60% | 83.75+4.06° | 84.40+2.87° | 1602.30+£68.71* | 1773.40+69.56*
0 100+0? 100+0* | 381.10+14.23* |383.75+20.76* | 101.15+5.93* | 102.10+2.93* |8525+2.57° |8550+2.03% |1712.50+64.25* |1844.60+52.23
+6 100+0° 10040 | 372.30+14.49° | 375.05+12.76* | 98.55+5.25% | 100.30+4.93% | 84.65+2.32* |83.95+2.72% |1729.00+113.55* | 1761.00+28.56°
+12 9540224 | 9540228 | 367.68+10.85* |371.00+13.68° |97.26+3.42% |99.68+3.16* |82.94+2.06° |83.89+2.02° |1575.20+131.26* | 1744.11 +48.55*
+18 85403701 | 80+0.1> | 232.41£12.79>¢ | 246.62+22.55> | 86.23+4.11° | 83.18+3.71° | 76.52+2.62°4 | 73.62+2.82° | 900.90+53.89" | 878.00+18.12"<d
+24 60+0.5> | 504051 | 136.33+9.57° | 139.30+11.91% | 69.83+3.21Y | 67.10+4.22" | 60.66+2.01> | 56.90+5.44" | 580.50+30.37>d | 227.30+24.79"¢
+30 404059 35405 |98.00+11.83> | 59.00+6.60° 68.25+2.25° | 32.42+15.04° | 55.00+3.02° | 27.57+3.95" | 159.62+26.50°¢ | 61.57+8.56"
+36 20+0.41% | 10+0.319% | 75.50+3.31° 47.50+3.53b 58.50+4.72° | 27.00+2.82> |[53.75+1.25" | 17.50+3.53% | 7520+42.58¢ 47.50+3.520¢
+42 0¢ 0d NES NES NES NFES NES NFES NFS NFS
N 20 N=2-10

Table 4. Comparison of fruit parameters and number of seeds per fruit upon manual pollination of receptive
stigma using pollens collected from different intervals of anthesis. Data analyzed statistically by Kruskal
Wallis Test. Data with the same letter(s) within the same column do not differ significantly at p <0.05. (-) Sign
indicates time interval before anthesis; (+) Sign indicates time interval after anthesis; NFS- No Fruit Set. The
time of anthesis is designated as 0, corresponding to 8:00 PM.

showing a decline as time lapsed after anthesis. In both years, the highest pollen viability was observed at 8:00
PM (0 h), with 99.28% viability in 2023 (Fig. 2A) and 98.42% in 2024 (Fig. 2B), indicating maximum viability at
the time of anthesis. The pollens become viable (nearly 90%) even 6 h before anthesis (BA) and remained highly
viable in the subsequent hours, with 90.97% (2023) and 92.15% (2024) at 2:00 AM (6 h after anthesis AA). These
results suggested that pollen maintained higher viability throughout the 12-hour anthesis window (from 6 h
before to 6 h after anthesis), with no significant differences observed at different intervals within this period,
and viability levels comparable to those at the exact time of anthesis. However, as time progressed, a significant
decline in viability was noted. By 12 h of post-anthesis (+12 h), the viability decreased to 79.90% (2023) and
85.57% (2024), further decreasing to 63.67% (2023) and 66.14% (2024) by 18 h (+ 18 h). After 24 h (+24 h), the
viability dropped significantly to 44.54% (2023) and 49.38% (2024), and continued to decline further, reaching
32.90% (2023) and 32.83% (2024) at 30 h (+ 30 h). After 36 h (+ 36 h), pollen viability was very low, with 11.34%
in 2023 and 3.42% in 2024, and by 42 h (+42 h), viability was nearly absent, with 5.57% (2023) and 0% (2024).
The trend was evidenced with the variability in the shape or staining properties of the pollen (Supplementary
Fig. 3).

Pollen viability in white-fleshed dragon fruit was also confirmed through in vivo test by comparing fruit set,
as well as the weight, length, diameter, and seed number of fruits obtained from manual pollination of receptive
stigmas using pollen collected at various time intervals before and after anthesis (Table 4). Pollination at anthesis
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(0 h) consistently resulted in 100% fruit set in both 2023 and 2024. The fruits obtained at this time recorded the
highest weight (381.10 g in 2023; 383.75 g in 2024), length (101.15 mm in 2023; 102.10 mm in 2024), diameter
(85.25 mm in 2023; 85.50 mm in 2024), and number of seeds per fruit (1712.50 in 2023; 1844.60 in 2024). Pollens
collected at —4 h, +6 h, and + 12 h also resulted in 100%, 100%, and 95% fruit set, respectively, and produced
fruits with weight, size, and seed number comparable to those obtained at 0 h. At —4 h, fruit weight was 368.20 g
in 2023 and 376.50 g in 2024; at + 6 h, 372.30 g in 2023 and 375.05 g in 2024; and at + 12 h, 367.68 g in 2023 and
371.00 g in 2024. Seed numbers at these times also remained high, ranging from 1575 to 1744. Pollination at -6 h
resulted in significantly lower fruit set (65% in 2023; 55% in 2024) and reduced fruit quality. A sharp decline in
all measured traits occurred beyond + 12 h, with pollens collected at +24 h and +36 h leading to poor fruit set
and fruit quality. No fruit set was recorded at +42 h.

In vivo pollen germination revealed that pollen tubes began to germinate 4 h after pollination and pollen tube
reached below the stigma lobes within 8 to 10 h of pollination (Fig. 3A and B). Pollens collected at -4 h (91.00%),
—6h (87.40%), and + 6 h (91.40%) exhibited high and comparable germination rates (Fig. 3D and Supplementary
Table 3), compared to 0 h (96.80%). Pollen collected at +12 h showed a moderately reduced germination
percentage of 80.58%, though still statistically comparable in part. A noticeable decline in germination was

ES

Fig. 3. In vivo pollen germination under microscope (A) & (B) red arrow indicate pollen tube growth on
stigma lobes. In vitro pollen germination at —12 h (C), at anthesis (D), +24 h (E) and +36 h (F).
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observed at + 18 h (74.66%), which further dropped sharply reduced to 40.66% (Fig. 3E) and 22.40% (Fig. 3F) at
+24 h and + 36 h, respectively. The lowest germination (8.2%) was recorded at —12 h (Fig. 3C).

The stigma receptivity based on the hydrogen peroxide (H,O,) test (in vitro), revealed a clear pattern of
varying receptivity across different time intervals before and after anthesis (Supplementary Table 4). Stigma
receptivity was absent at 48 h before anthesis (Fig. 4A) and appeared at a very low level (+) at 42 h before
anthesis. It increased to low (++) at 36 h before anthesis, moderate (+++) at 30 h before anthesis, and high
(++++) at 24 and 18 h before anthesis (Fig. 4B). Very high receptivity (+++++) was observed from 12 h before
anthesis through 12 h after anthesis (Fig. 4D), including at the time of anthesis (0 h) (Fig. 4C). Receptivity then
decreased to high (++++) at 18 h after anthesis, moderate (+++) at 24 h after anthesis (Fig. 4E), low (++) at 30 h
after anthesis, and very low (+) at 36 h after anthesis. No receptivity was recorded at 42 and 48 h after anthesis
(Fig. 4F).

The stigma receptivity was further confirmed by comparing weight, length, and diameter of fruits obtained
through manual pollination of stigma at (0 h), before (- h) and after (+h) anthesis using viable pollen (Table 5).
Pollination at anthesis (0 h) consistently resulted in 100% fruit set in both 2023 and 2024, with the highest
fruit weight (381.55 g in 2023; 393.90 g in 2024), length (99.65 mm in 2023; 100.60 mm in 2024), and diameter
(88.85 mm in 2023; 87.60 mm in 2024). Pollination at —4 h, —6 h and —12 h also led to 100% fruit set and
produced fruits with weight and size comparable to those at 0 h. At —18 h, although fruit set remained high
(95%), fruit weight and size declined significantly, and this trend became more pronounced at —24 h and -30 h,
where fruit set remained moderate to high (80% and 70-75%, respectively), but fruit traits showed a noticeable
reduction. Beyond —30 h, both fruit set and fruit quality declined sharply, with no fruit set recorded at —54 h.
Similarly, after anthesis, pollination at +6 h and +12 h resulted in 100% fruit set and fruit traits at par with
those obtained at 0 h. At + 18 h, fruit set remained high (95%), but fruit weight and size decreased significantly.
Further decline was observed at +24 h (75-80% fruit set), where quality parameters of fruit were lower than
earlier intervals. Beyond + 24 h, fruit set and fruit traits deteriorated sharply, with no fruit set recorded at +42 h.

Discussion

The present study provides a comprehensive assessment of reproductive phenology, pollination biology, and
efficiency in S. undatus (white-fleshed dragon fruit) under subtropical Indian conditions over two consecutive
years (2023 and 2024). The findings offer valuable insights into strategies for improving productivity and
reproductive success through informed manipulation of flowering and pollination windows.

Fig. 4. The receptivity (In vitro: Hydrogen peroxide test) of stigma at 48 h BA (A), 24 h BA (B), anthesis

(C), 12h AA (D), 24 h AA (E), and 48 h AA (F). The bubble intensity in each time zone indicates the relative
receptivity of stigma. More the bubbles more the receptive of stigma and vice versa. The time zone before the
anthesis is represented as BA whereas after the anthesis is represented as AA.
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Fruit set (%) Fruit weight (g) Fruit length (mm) Fruit diameter (mm)
Time interval | 2023 2024 2023 2024 2023 2024 2023 2024
-54 of 08 NFS NFS NFS NFS NFS NFS
—48 3040.47¢ | 25+0.44% | 66.16+1.94%¢ | 68.40+2.07° 56.33+1.96% |58.80+4.14% |46.16+1.16% | 45.60+2.07°
42 4540519 | 3540497 | 79.55+2.29<0 | 70.28 +12.85¢ | 62.66+2.23% | 60.57+4.19° | 52.88+5.06% |51.85+1.77¢
-36 65+0.49% | 60+£0.5 | 87.61+4.21°¢ | 108.08+13.02¢ | 64.69+3.06% | 71.75+2.41% |57.53+4.23% |61.33+1.61°
-30 754044 | 70+0.44% | 113.33+£6.09°¢ | 144.07+7.59%F | 75.40+4.70>¢ | 78.00+2.854¢ | 65.06+2.15>¢ | 67.14 +3.15¢
-24 80+0.41%¢ | 80+0.41% | 126.62+6.20* | 208.25+17.96°4 | 80.00+2.16> | 81.25+2.97>d | 68.56+2.22> | 69.81 +2.00d
-18 95+0.22% | 90+0.31% | 228.68+12.99" |252.00+17.49° |84.31+3.49> |87.50+2.55> |71.94+2.19" |73.88+6.43%
-12 100+0? 100+0? 343.10+17.56° | 374.80+23.42% | 9575+£2.88° |96.85+3.34* |85.75+3.40° |85.30+2.25
-6 100+0° 100 +0° 375.50+22.54* |377.80+8.01° 98.45+2.08* | 97.65+2.70* | 86.00+3.02° |85.90+1.94%
-4 100£0? 100+ 0? 378.55+£9.01* | 386.70%9.87° 98.90+2.70° | 98.00£4.91° | 87.50+2.74* | 86.50+3.83°
0 100+0? 100+0? 381.55+36.44° | 393.90+23.76° |99.65+2.70° | 100.60+3.10* |88.85+2.13* |87.60+1.81°
+6 100+0? 100+0? 373.55+23.09° |380.15+11.27° |98.55+3.85° |97.40+3.25* |86.05+2.25* |86.10+1.94°
+12 100+0? 100 +0° 341.70+16.90° | 376.45+9.24° 96.85+4.12* | 96.80+3.54* | 85.80+1.76° | 84.80+2.37*
+18 95+0.22% | 95+0.22* | 236.10+16.87" | 254.05+23.6 84.73+3.31" | 86.84+5.29% | 72.57+1.95° |77.36+2.47°
+24 80+0.41%¢ | 75+0.44% | 130.62+16.61% | 187.60+12.82°% | 72.68+2.72°% | 78.00+3.58°d | 61.87+3.00° | 65.60 +2.644¢
+30 70+0.47°4 | 65+0.49>d | 88.64+8.14°4 | 147.53+8.819 | 67.71+3.45%¢ | 74.53+3.30% | 56.42+7.24% | 64.69+2.13%
+36 45+0.51% | 40+0.5% | 57.55+1.944 73.625+5.15 48.55+2.87¢ | 52.75+3.10° | 40.88+1.76° |62.75+2.25%
+42 of 08 NFS NFS NFS NFS NFS NFS

Table 5. Comparison of fruit parameters upon manual pollination of the stigma at different intervals of
anthesis using viable pollens. Data analyzed statistically by Kruskal Wallis Test. Data with the same letter(s)
within the same column do not differ significantly at p <0.05. (-) Sign indicates time interval before anthesis;
(+) Sign indicates time interval after anthesis. The time of anthesis is designated as 0, corresponding to 8:00
PM.

Temporal patterns of floral initiation showed significant inter-annual variation. In 2023, flowering began
in late March and continued through early September, lasting approximately 5.5 months. During this period,
nine distinct flowering cycles were recorded (Supplementary Fig. 5). In contrast, the 2024 season exhibited
a delayed onset in mid-May and concluded by the third week of September. This shortened the reproductive
window to around 4.5 months and reduced the number of cycles to eight. This discrepancy was closely linked to
environmental triggers. Notably, early flower initiation in 2023 coincided with unseasonal summer rains around
the March equinox, resulting in cooler temperatures and elevated humidity (Supplementary Fig. 4). This suggests
that early pre-monsoon rainfall may act as a floral inducer in S. undatus, a phenomenon previously reported in
southern India*® and comparable to “mango showers” known to stimulate flowering in crops like coffee*!. These
findings strongly suggested that dragon fruit is a photo-thermo-sensitive fruit crop, responsive to the combined
effects of increasing day-length, moderate temperatures, and elevated humidity aligned with comprehensive
observation of Wilkie et al.*.. While prior studies emphasized photoperiod and monsoonal influence’*, our
findings identify early summer rainfall during periods of long days as a critical and previously underappreciated
cue for advancing floral initiation. These insights pave the way for developing targeted microclimate manipulation
strategies—such as misting, fogging, or deploying rain guns—to recreate favourable pre-monsoon conditions,
thereby advancing floral initiation, extending the reproductive window, and potentially enabling an additional
flowering cycle to boost overall yield.

Supplemental data from 2025 further support this hypothesis. The fairly sufficient and continuous rainfall
observed in first week of April with first measurable rainfall of 5.2 mm on April 3rd - the earliest precipitation
event (Supplementary Table 2) of the season in Karnataka—closely followed by visible floral bud initiation
within 2-3 days (supplementary Fig. 8). This strongly implies that the initial rainfall acts as a trigger, likely by
lowering ambient temperatures and triggering the floral transition, thereby activating reproductive pathways.
In contrast, at the experimental site, despite two isolated rain events in early April, first floral bud initiation
was only observed around last week of May, suggesting a possible rainfall threshold required to initiate the
floral pathway via moderating the summer harsh weather. These insights suggest that integrating early rainfall
monitoring with photoperiod data could enhance the precision of flowering cycle predictions, offering practical
implications for orchard management and yield optimization. However, further systematic validation involving
multiple locations and additional weather parameters beyond rainfall, such as temperature, humidity, and solar
radiation, is necessary to comprehensively understand the environmental controls on floral induction. Future
experiments incorporating these variables will help to strengthen and generalize these findings. Phenological
monitoring revealed that the durations from bud initiation to anthesis (BI-A), anthesis to maturity (A-M), and
full bud-to-maturity (BI-M) remained consistent across years and closely aligned with previous observations*?-44,
Our findings further corroborate reports from Marques et al.>. and Castillo and Ortiz*¢, who noted full-cycle
durations of 50-60 days. However, extended durations in later flowering cycles likely reflect seasonal transitions
and resource constraints, with variability potentially attributed to shifts in day-length, temperature, and
humidity?’.
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The reproductive behaviour of NDFW-1 (white-fleshed) and NDFR-1 (red-fleshed) varieties revealed
contrasting pollination strategies with significant implications for specific pollination management. NDFW-
1 demonstrated clear self-compatibility, with 100% fruit set achieved under manual self-pollination (MSP),
manual cross-pollination (MCP), and open pollination (OP). These results support previous findings that
some S. undatus accessions are autogamous™. Despite consistent fruit set, substantial differences in fruit weight
were observed: MCP produced significantly larger fruits (~ 588 g) compared to MSP (~ 374 g) and OP (~
204 g) (Table 2), indicating that while self- and open pollination suffice for fruit initiation, they often result in
suboptimal fertilization and inadequate seed development. This is particularly relevant in multi-ovule berry
fruits like dragon fruit, where complete fertilization is necessary for full fruit development*®4°.

In contrast, the NDFR-1 clone, likely representing S. polyrhizus, was completely self-incompatible, setting
fruit only under MCP. No fruit was produced via MSP or OP despite the presence of viable pollen, suggesting
a genetically regulated self-incompatibility system, as reported in other Selenicereuss species™->2. These
findings underscore the broad diversity of reproductive strategies across Selenicereus spp. and the importance of
understanding cultivar-specific pollination biology for effective breeding and cultivation strategies.

Pollination exclusion experiments using bagging treatments further elucidated pollination modes. NDFW-
1 showed 85-90% fruit set under wide mesh (BWNt) treatments permitting wind pollination, but fruits were
significantly smaller (~ 95 g). Under narrow mesh (BNNt), which restricted both wind and insect access, fruit
set declined to 20-30%, and fruit weight dropped to ~ 67 g (Table 2). These results suggest that minimal pollen
transfer can initiate fruiting, but to achieve high-quality fruit with better fruit weight or size, efficient manual
pollination is essential, as fruit size is closely associated with the number of seeds per fruit. Traditional nocturnal
pollinators such as bats and moths® were rarely observed, possibly due to regional variation. Instead, visits from
nocturnal beetles (Gametis versicolor), blowflies, and early morning foragers like Apis cerana indica were more
common, though their pollination efficacy remains uncertain. Pronounced heterostyly and spatial separation
between anthers and stigmas (Supplementary Fig. 2), as noted by Weiss et al.*}, may impede effective pollen
transfer, necessitate supplementary manual or assisted pollination to ensure both fruit set and fruit quality.

Floral phenology of white-fleshed type (S. undatus) exhibited adaptive traits likely contributing to
reproductive assurance. The onset of anthesis in our study began around 6:00-6:30 PM, in synchrony with local
sunset, earlier than previously reported®>*>>*, Full anthesis extended through the night (8:00 PM-6:00 AM),
peaking between 2:00 and 5:00 AM. Notably, flowers remained partially open in the morning, even after 10:00
AM, despite earlier reports stating that they begin closing around 7.00 AM*” and completely closed at around
midday®® in red-fleshed clones. Such prolonged floral openness not only limit the closure movement of stigma
and anthers and also expose flowers to adverse weather, particularly rain, leading to pollen washout and reduced
fertilization success—a hypothesis supported by lower fruit weight and seed set (Table 2) observed under natural
pollination which is providing stronger evidence for our earlier observation?!. Thus, although anthesis timing
may represent an evolutionary strategy to broaden pollinator access, it simultaneously introduces vulnerabilities
that reduce reproductive efficiency under cultivation. In white-fleshed variety (NDFW-1) of S. undatus, flowers
initiated bending approximately 14 h after anthesis and completed the movement within 24 h. This sequential
post-anthesis floral bending, documented in the present study, constitutes a novel observation of ecological
relevance and, to our knowledge, represents the first report of this phenomenon irrespective of species. This
bending pattern may bring both the sexual floral parts (stigma and anthers) closure and reduce heterostylous
separation and facilitate delayed autogamy in the absence of effective pollinators, a mechanism observed in other
heterostylous or outcrossing species as a form of reproductive assurance®>>. However, while this may safeguard
against complete reproductive failure assuring fruit set, but the resulting fruit quality remains inferior to those
obtained via cross-pollination, emphasizing the need for assisted pollination to maximize yield.

Physiological assessment of pollen and stigma function further delineated a critical pollination window.
Anther dehiscence occurred between 4:30 and 5:00 PM—prior to anthesis—confirming earlier findings*, and
indicating that viable pollen is available before floral opening. The present study established a clear temporal
pattern of pollen viability (acetocarmine test) in S. undatus, peaking at anthesis (0 h) with over 98% viability
and remaining above 90% from — 6 h to + 6 h, as confirmed by in-vitro germination. In vitro germination
ranged from 87% to 96% within this window, significantly exceeding rates reported by Li et al.*®.. However,
from a commercial point of view (based on in-vivo test), the pollen becomes viable after anther dehiscence
(~4h) contrasting with delayed viability reported by Del Angel-Perez et al.*., and aligning partially with findings
from Boraiah et al.>*. and Weiss et al.>.. The consistency between indirect viability tests and in vivo outcomes
confirms a synchronized reproductive window, with optimal pollination occurring between — 4 h and + 12 h,
and peak efficacy between 0 h and + 6 h (Fig. 5A), underscoring the need to validate viability tests through actual
fruit set data (in-vivo test).

Similarly, H,O, test revealed that stigmas of S. undatus, were very highly receptive (+++++) between —12 h
and +12 h as more and intense bubbles were observed, aligning with maximum fruit set and superior fruit
traits in in-vivo test. Pollination during this peak, results in the highest fruit quality, with fruit weight exceeding
the fruits obtained under natural or open pollination (Table 2) and comparable to anthesis-pollinated fruits
(Table 5). These findings, consistent with Li et al.*®*°, emphasize that the stigmas between —12 h and +12 h
were receptive enough to produce commercial grade fruits with a peak between —4 h and + 6 h, highlighting the
critical role of precise pollination timing.

Opverall, while stigma receptivity extends from — 12 h to + 12 h (Fig. 5B), the narrower functional viability of
pollen from — 4 h to + 12 h (Fig. 5A) defines a practical 18-hour effective pollination window for maximizing
fruit quality. Pollen collected before — 4 h remains largely immature and non-viable due to incomplete
dehiscence, limiting its fertilization potential. Hence, manual pollination performed within this — 4 h to + 12
h window reliably results in 100% fruit set and consistently high fruit weight, outperforming open-pollinated
fruit (Table 2). Notably, this window is broader than those observed in crops such as apricot®’, pearsg, and even
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Fig. 5. Effective pollination zone based on the pollen viability (A) and stigma receptivity (B). The figures
illustrate fruit set and fruit weight resulting from pollination (using variable pollen or stigma) between 54 h
before anthesis (—54) and 42 h after anthesis. The time of anthesis is designated as 0, corresponding to 8:00
PM. The blue line represents fruit set, and the orange line represents fruit weight. The time intervals during
which pollination resulted in fruit set and fruit weight comparable to those achieved at anthesis considered as
effective pollination zones. Accordingly, the effective zone for fruit set and fruit weight represented in light and
dark green area respectively.

other dragon fruit cultivars*®, offering a strategic advantage to growers. The synchronization of male and female
floral functions not only optimizes fruit set and commercial quality but also presents a valuable framework for
improving pollination efficiency under suboptimal conditions such rain-induced pollen washout*>***. These
insights support a shift toward time-targeted pollination strategies, enabling effective supplementary pollination
during early evening or morning hours when natural pollination may be delayed or ineffective.
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Conclusion

The findings of this study provide practical, science-based insights which helped to propose the strategies
(Supplementary Fig. 7) for optimizing pollination and extending the reproductive period in S. undatus. By
leveraging environmental cues such as early summer rains and associated temperature shifts, we suggest that
microclimate manipulation techniques—such as fogging, misting, sprinklers, shade management, and rain
guns or temporary cost-effective greenhouse conditions—could potentially stimulate additional flowering
cycles during long-day conditions without reliance on artificial lighting. Similarly, the identification of delayed
autogamy and structural floral constraints in white-fleshed variety which belongs to S. undatus underscores
the strong necessity of supplementary pollination, particularly cross-pollination, to achieve optimal fruit set
and commercial-grade fruit size and weight. In addition, the field observations of pollen viability and stigma
receptivity indicate a critical pollination window—between 4 h before and 12 h after anthesis—highlights the
feasibility of manual pollination either evening and morning hours.

Collectively, these findings establish a validated framework linking reproductive biology to orchard-level
management strategies, with direct implications for yield optimization in emerging dragon fruit production
regions. However, given that the proposed strategies remain preliminary, further validation across locations
and integration with additional climatic variables (temperature, humidity, solar radiation) will be essential for
refining predictive models of floral induction and ensuring broad-scale adoption.

Materials and methods

Experimental site

The present study was conducted during 2023 and 2024 at H5 plot in the North Block orchard of the ICAR-
National Institute of Abiotic Stress Management (NIASM), Baramati, India (18° 09° 30.62” N latitude, 74° 30’
03.08” E longitude, 570 m above mean sea level), falls within the Deccan Plateau Agroclimatic Zone (AZ-95) and
Agroecological Region of AER-6. The study area experiences a hot and dry semi-arid climate, with an average
annual rainfall of 560 mm, primarily from the south-west monsoon, classifying it as a water-scarce zone in
Mabharashtra, India. The mean maximum and minimum temperature of the region was 31.2 °C and 21.9 °C,
respectively. The orchard was raised on degraded waste land featured by terrain of basaltic shallow soils®.

Plant material

The present study was conducted at 10-year-old white-fleshed dragon fruit variety, NDFW-1 (NIASM Dragon
Fruit White-1) belongs to Selenicereus undatus (Haw.) D. R. Hunt orchard established on pole system. The poles
were installed at a spacing of 3.5 m between rows and 3.0 m between poles. Four plants were planted and trained
on each pole using the mop-top system, and plants were raised with recommended practices®!. The red-fleshed
variety, NDFR-1 (NIASM Dragon Fruit Red-1) was used in the mode pollination experiment and also as a
pollen source for cross-pollination. The later variety was maintained in dragon fruit diversity block established
at ICAR-NIASM, Baramati.

Monitoring reproductive period and flowering cycles
The reproductive period of S. undatus (var. NDFW-1) was monitored over two consecutive years (2023-
2024) under subtropical field conditions in India to characterize flowering seasonality, cycle frequency, and
reproductive phenological stage durations. Observations were conducted on all cladodes of plants trained on
25 support poles, beginning two weeks before the spring equinox (21 March) and continuing until two weeks
after the autumnal equinox (21 September), a period corresponding to the long-day photoperiod window
that encompasses both the pre-monsoon summer (March-June) and the southwest monsoon season (June-
September) in India. The reproductive period, or flowering season, was defined as the interval from the initiation
of floral buds in the first flowering cycle of the year to the maturity of fruits from the final cycle. A flowering
cycle was considered as the time from floral bud initiation to fruit maturity, and the total reproductive duration
was determined by summing the lengths of all cycles observed in the season. At the onset of each cycle, 20 floral
buds were randomly selected, tagged with aluminum labels, and marked with a permanent-coloured marker
pens for traceability. These buds were monitored at regular intervals to record their progression through defined
reproductive phenological stages: floral bud initiation, anthesis (flower opening and closing), fruit set, fruit
development, and fruit maturity®2. Two key developmental intervals—bud initiation to anthesis, and anthesis to
fruit maturity—were measured for each marked bud, enabling detailed assessment of reproductive phenological
durations across all flowering cycles.

Additional observations on the pattern of floral bud initiation during the spring (pre-monsoon) of 2025 were
conducted at two locations, accompanied by supplementary rainfall data, to further support and validate the
findings from 2023 to 2024.

Mode of pollination

To determine and clarify the mode of pollination in dragon fruit, two clones—viz., NDFW-1 and NDFR-1—were
selected. These represent S. undatus (Haw.) D.R. Hunt and either S. costaricensis/S. monacanthus (Lemaire) D.R.
Hunt or S. polyrhizus (F.A.C. Weber) Britton & Rose, respectively. The clones were grown in separate orchards
and were reported to exhibit self-pollination and cross-pollination, respectively. Five sets of 20 flowers in both the
clones were subjected to different pollination (Supplementary Figure. 1) treatments viz., bagging with wider wire
net (BWNt), bagging with narrow wire net (BNNt), manual self-pollination (MSP), manual cross pollination
(MCP), and open pollination (OP). The two treatments viz. BWNt and BNNt included to facilitate natural self-
pollination, the former treatment restricting the insect pollinators but not wind whereas later one restricted
both. In both the cases, wire network cages were used to avoid overweight of bags on flowers so that imposing
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treatments should not interrupt natural pollination. MSP was done by pollinating the stigma of flowers manually
using the pollens from the same flower in both clones. This was done by removing the entire perianth along with
the attached stamens and gently rubbing the stigma twice in a back-and-forth motion against the anthers to
ensure adequate and uniform pollen deposition (Supplementary Fig. 1A-D). MCP of NDFW-1 was performed
by manually pollinating its flowers stigma with pollens from NDFR-1 and vice versa. After manual pollinations
(MSP and MCP), the pollinated stigmas were covered with butter paper to prevent unintended pollination. In
open pollination, the flowers were kept open and undisturbed allowing for natural pollination. After one month
of pollination treatments, the fruits were counted upon maturity and their individual weights were recorded in
gram (g). Ten individual fruits obtained as a result each different pollination were sliced, extracted the seed and
counted them manually to determine the number of seeds per fruit.

The activity of floral visitors was monitored and documented photographically during the blooming period
to assess the diversity of visitors and their potential role in pollination. Observations were conducted on
approximately 100 flowers borne on both sides of two parallel rows comprising 10 support poles each (total of 20
poles). Monitoring was carried out for approximately 10 min at 1-hour intervals, beginning from flower opening
at 19:00 h (on the day of anthesis) until floral senescence, indicated by bending of the perianth, at approximately
16:00 h the following day. Representative photographs of visiting insects were taken, and selected specimens
were collected and submitted to an entomologist for identification. Recorded live video of a honey bee foraging
on a dragon fruit flower.

Monitoring the anthesis and blooming patterns

Opening and closing of flowers in 20 bulged floral buds of NDFW-1 were monitored on the day of anthesis from
6:00 AM to 8:00 PM of following day, at one hour interval, during 6th cycle in each year to record timing and
sequential phases of anthesis. The timing and duration of each bending phase were recorded and images were
captured. The duration of flower opening was calculated by measuring the interval between the opening and
closing of flower. Flowers were also monitored and captured images using DSLR camera (Canon) for measuring
the bending intensity at every 2 h interval between 2 h before anthesis (BA) and 24 h after anthesis (AA). In
the present study, 8:00 PM was considered the reference point as time of anthesis. All the marked flowers were
monitored for recording the bending angle (direct/ribbon method) and to score bending intensity on a 0-4
scale®.

Anther dehiscence

On the day of anthesis, five sets of 10 NDFW-1 floral buds each were monitored visually from 2:00 PM onwards
hourly until 6.00 PM by opening the floral buds and observed under magnifying lens to confirm shedding of
pollen from anthers. This was further confirmed by gently taping the floral tube and observe for pollen dust on
petals.

Pollen viability test
The pollen viability was assessed by acetocarmine test®’. To simplify the reference time, we identified 8:00 PM,
when the flowers begin to bloom, as 0 h (0 h) and considered as the time of initiation of anthesis (AI) and before
that as BA (before anthesis) and designated with negative sign (-). Similarly, the time period after 8:00 PM as
considered as after anthesis (AA) and designated with positive sign (+). The pollen viability was tested at every
6 h interval from 12 h BA and 42 h AA.

Pollen grains displaying abnormal sizes/shape, pale color, or lacking/reduced protoplasm were classified as
non-stained as compared to a well-defined exine and brightly stained protoplasm as stained. The percentage of
pollen viability was calculated by.

No. of stained pollen

Pollen viability (%) = 100

Total no. of pollen

The pollen viability was also examined by adopting in vivo method* based on fruit setting (other fruit parameters
therefrom) upon pollinating the different sets of receptive stigma (of 20 flowers in each set) with the pollens
collected at different intervals 12 h before, and 42 after the reference anthesis time. The fruits thus formed were
recorded for weight, length, diameter and number of seeds.

In vivo and in vitro pollen germination

In-vivo pollen germination was assessed via microscopic observation of germinating pollen on stigma lobes,
which were pollinated at 6:00 PM (2 h BA). The stigma lobes were collected every two hours after pollination and
taken to the laboratory, where they were gently squashed on a slide with the addition of acetocarmine stain for
microscopic examination. For in vitro studies, pollens were collected at every 4 h intervals between 12 h before
the anthesis (8:00 AM on the day anthesis) and 36 h after anthesis (8:00 AM on the next day of anthesis). The
collected pollens were immediately incubated for germination in the medium containing 6 g/L of agar, 100 g/L of
sucrose, 518 mg/L of calcium nitrate, and 636 mg/L of boric acid, with pH adjusted to 5.0, at room temperature
of around 25°C%. Pollen grains were considered to have germinated when the pollen tube was at least twice the
diameter of the grains. The germination percentage was calculated by dividing the number of germinated pollen
grains observed in each field by the total number of pollen grains in that field®. In vitro pollen germination was
validated via images of in vivo pollen germination.
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Stigma receptivity

The receptivity of stigmas was assessed by hydrogen peroxide method®*” at every 6 h intervals between 48 h BA
(—48h) and AA (+ 48 h). For assessing the stigma receptivity prior to anthesis (—48 h to —6 h), selected 120 floral
buds (8 sets of 15 floral buds each) and their stigma were directly subjected to hydrogen peroxide test assuming
no self-pollination as there was no anther dehiscence. For assessing the stigma receptivity after anthesis (from 0
h to + 48 h), 135 flowers (9 sets of 15 flowers each) were emasculated and covered with butter paper bag to avoid
natural out-crossing. A set of stigmas from floral buds or emasculated flowers were cut-off at every six hours,
during above mentioned period and brought to the laboratory. Then, three stigma lobes from each floral bud or
flower were immersed in approximately 15-20 ml of 6% hydrogen peroxide poured into a Petri dish for 3-4 min,
and observed for bubbles formation using a macro lens. On the basis of intensity and size of bubbles, stigmas
were classified as - no receptivity (-), very less receptivity (+), less receptivity (++), moderate receptivity (+++),
high receptivity (++++), and very high receptivity (+++++).

The stigma receptivity was also examined by in vivo method*® based on fruit setting upon pollinating the
stigma of different sets (of 20 flowers in each set) of flowers at different intervals between 54 h before and 42 h
after anthesis time (8:00 PM) using viable pollens. After 30 days of pollination, the fruits formed were used for
recording weight, length, diameter and number seeds.

Data analysis

The data on duration of flowering cycle (anthesis to maturity) and time required for anthesis were subjected to
analysis of variance (ANOVA), and treatment means were compared by Tukey test using R 4.4.2 version software
with the grapesAgril package®®. The data on pollination treatments, pollen germination, pollen viability (both
in-vitro and in vivo), stigma receptivity based on in vivo fruit set was analyzed statistically by Kruskal Wallis
Test, since the values were non-parametric in nature and treatment means were compared by Dunn’s test®. The
graphical effective pollination zones were drawn in Microsoft Excel based on pooled data of fruit set and fruit
weight in the in vivo tests of pollen viability and stigma receptivity.

Data availability
The manuscript presents all the data generated in this research. Additional raw data will be shared upon request
to the primary corresponding author ([bors_km@yahoo.co.in](mailto: bors_km@yahoo.co.in)).
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