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Abstract

Floral induction in late-maturing litchi is vulnerable to warm, humid winters with insuffi-
cient chilling. The late cultivar ‘Ziniangxi” was evaluated during January—February 2024
in an experimental orchard in Hainan, China, when chilling accumulation was very low,
with only seven days having a mean air temperature < 15 °C. Under this marginal-chill
context, the effects of plant growth regulator (PGR) applications on bud fate were assessed
using six single-agent and thirteen composite PGR-nutrient treatments plus a water control,
applied as four foliar sprays during floral induction. In the untreated control, the final
flowering proportion of tagged shoots was 0.33 in the single-agent trial and 0.05 in the
composite trial. In contrast, ABA (3.33mgL ') increased flowering to 0.53, and ethephon-
or brassinolide-based applications to 0.40-0.47. The most effective composite formulations
raised flowering further to 0.50-0.63. These composite applications also increased leaf
starch from about 4mg g~! FW in the control to approximately 8-9mg g ! FW (p < 0.05),
whereas sucrose concentrations showed only small differences among treatments. Across
trials, shoots that became floral consistently exhibited higher leaf starch than vegetative
shoots. Gene-expression analyses indicated that floral buds had higher transcript abun-
dance of LcFUL and lower transcript levels of LcFLC and other floral repressors than
vegetative buds, consistent with their assignment to floral versus vegetative categories.
Overall, the results suggest that appropriately timed ethephon-ABA-based PGR programs,
supplemented with BR or 6-BA and nutrients, can partially improve floral induction in
‘Ziniangxi’ under warm, low-chill winters and provide a basis for designing PGR strategies
for late litchi cultivars facing insufficient winter chilling.

Keywords: litchi; floral induction; warm-humid winter; plant growth regulators

1. Introduction

Litchi (Litchi chinensis Sonn.) is a major subtropical fruit crop whose yield and economic
value depend heavily on regular and synchronous flowering [1,2]. Floral induction in litchi
requires exposure to sufficiently low temperatures during autumn and winter, and when
chilling accumulation is inadequate, terminal buds often fail to enter a stable floral pathway,
resulting in weak or highly variable flowering and large fluctuations in yield [3,4]. Late-
maturing cultivars are particularly vulnerable because their chilling requirement is relatively
high and their exposure to low temperatures often overlaps with warm spells and rainfall
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events [5]. In South China and similar regions, warm, humid winters with low chilling have
become more frequent in recent years, increasing the risk of flowering failure in late litchi
cultivars and posing a growing challenge for orchard management.

Floral transition in tree crops is regulated by the interplay between environmental
cues, carbohydrate supply, hormones and genetic regulators at the shoot apex [6,7]. Chill-
ing is integrated with carbon status and hormone balances to determine whether a bud
proceeds to floral initiation or resumes vegetative growth [8-10]. At the molecular level,
seasonal control of meristem fate involves an integrated network in which FT-like signals
produced in leaves act with FD in the apex to promote floral identity, while TFL1-like
factors maintain indeterminacy and delay transition [11,12]. FLC-like repressors constrain
flowering competence and are alleviated by sufficient chill, whereas downstream inte-
grators such as SOC1, LFY and AP1/FUL-like genes commit the apex to reproductive
development [13-16]. Previous work in woody perennials has shown that changes in
starch and soluble sugar accumulation around the apex, together with altered expression of
floral-promoting and floral-repressing genes such as FUL and FLC, are associated with dif-
ferences in flowering behaviour under contrasting thermal applications [17,18]. Within this
framework, upregulation of FUL is expected to accompany successful transition, whereas
sustained FLC expression under insufficient chilling can cap the response to agronomic
or chemical cues [15,16], providing a rationale for measuring FUL and FLC alongside
carbohydrate traits in warm and humid winters. However, in late-maturing litchi cultivars
exposed to genuinely warm-humid winters with marginal chill, it remains unclear how
these regulatory layers respond in the field and how they are modified by plant growth
regulator treatments.

To mitigate the impact of warm winters, various plant growth regulators (PGRs)
have been used in litchi orchards to manipulate bud rest, canopy vigour and floral initia-
tion [19,20]. Ethephon and other ethylene-releasing compounds [21,22] can help enforce
bud rest and reduce vegetative flushes, abscisic acid (ABA) [23] is associated with bud mat-
uration and stress readiness, growth retardants such as paclobutrazol and uniconazole [24]
suppress excessive shoot elongation, and brassinosteroids (BR) [25] and cytokinins [26] can
enhance meristem activity and inflorescence development. Several studies have reported
that individual PGRs or simple combinations improve flowering and inflorescence quality
in certain cultivars, often under winters with moderate or adequate chilling [27,28]. Never-
theless, most previous work, although conducted across various cultivars, has been carried
out under winters with moderate or adequate chilling and has rarely tested composite
PGR-nutrient regimes in genuinely warm, low-chill environments [19,29]. In addition,
for late-maturing litchi cultivars under warm, low-chill winters, field data that simul-
taneously link flowering responses with carbohydrate status and the expression of key
flowering-related genes are still limited.

Critical knowledge gaps therefore remain regarding how integrated PGR-nutrient
programs perform under warm-humid, marginal-chill winters in late-maturing cultivars,
and how such programs are associated with changes in leaf carbohydrates and in the
expression of FUL, FLC and related regulators in buds. The late cultivar ‘Ziniangxi” is
known for its strong chilling requirement and high propensity for flowering failure and
leafy admixture when winters are too warm, making it a sensitive and practically relevant
model for evaluating chemical regulation of floral transition under insufficient chilling [1,2].

In this study, ‘Ziniangxi’ trees at an experimental orchard exposed to a warm-humid
winter in 2024 with only seven chilling days provided a well-documented marginal-chill
context. Climatic conditions, bud fate and associated leaf carbohydrate profiles in flowering
and vegetative shoots were first quantified. A panel of single-agent PGR treatments and
a broader set of composite PGR-nutrient applications were then applied to assess their
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ability to shift bud fate from vegetative to flowering under these conditions, and leaf starch
and sucrose were analysed together with the expression of selected flowering-related genes,
including FUL and FLC. The present work aimed to (i) characterise floral instability and bud
fate in "Ziniangxi’ under a quantified warm-humid, marginal-chill winter; (ii) identify sin-
gle and composite PGR applications that improve flowering proportion and inflorescence
purity under these conditions; and (iii) relate flowering outcomes to changes in carbohy-
drate status and flowering-gene expression, thereby providing a field-based framework for
designing PGR strategies for late litchi cultivars facing insufficient winter chilling.

2. Materials and Methods
2.1. Materials

The materials for this study were collected in the orchard of the Institute of Fruit Tree
Research, Hainan Academy of Agricultural Sciences using late-cultivar ‘Ziniangxi” trees of
uniform vigor. Floral induction sprays were timed to the critical induction window, when
terminal buds started growing and shoot elongation was less than 5 cm. Uniform shoots
on different trees were selected to minimize vigor-related bias.

2.2. Climate Conditions During the Experimental Period

Weather data (air temperature and relative humidity) during the experimental period
were obtained from an automatic meteorological station located within the orchard.

Chilling accumulation was expressed as the number of days with mean daily air
temperature < 15 °C. Between 1 January and 26 February 2024, only seven chilling days
occurred: five days between 23 and 28 January 2024 and two days between 9 and 10
February 2024. Thus, by the time of the first PGR application on 26 January 2024, only
five chilling days had accumulated, and a total of seven chilling days had accumulated
by the end of the observation period. These conditions were insufficient to satisfy the full
chilling requirement of late-maturing litchi cultivars and are representative of marginal-
chill, warm-humid winters in this region.

2.3. Single-Agent Plant Growth Regulator Applications

Field trials were conducted under orchard conditions at the experimental station of
the Hainan Academy of Agricultural Sciences, Yongfa Town, Chengmai County, Hainan
Province, China, during January—February 2024. A set of plant growth regulators (PGRs)
including Ethephon, abscisic acid, cytokinins, and Oxyfluorfen was evaluated for their abil-
ity to promote the vegetative-to-reproductive transition (Table 1). In total, six single-PGR
treatments were tested, and water sprays served as the untreated control (CK). Because the
number of trees that could be dedicated to PGR treatments was limited, a split-canopy de-
sign was adopted in order to maintain three replicates per treatment while using trees with
highly uniform growth. In each selected tree, the canopy was visually divided into three
contiguous sectors of approximately equal area, following the main azimuthal orientations
(e.g., east-, south-, and west-facing) at comparable height and distance from the trunk. Each
sector served as one experimental unit. For each PGR treatment, three replicate sectors
were established by assigning one sector on each of three different trees, with sectors placed
on different canopy orientations as far as possible to account for variation in light and wind
exposure. Across all treatments, a total of seven uniform trees were used.

Foliar sprays were applied to runoff with a hand-held sprayer at the designated con-
centrations, and each treatment was administered four times (26 and 30 January and 3 and
5 February 2024) within the floral-induction window. Within each treated sector, 6-7 shoots
of similar vigor were tagged for repeated observations. Tagged shoots were selected away
from the boundaries between adjacent treated sectors to avoid potential edge effects and
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were chosen from branches with comparable growth status. This resulted in approximately
20 tagged shoots per treatment distributed across three trees. The morphological status
of each tagged shoot was recorded as baseline (pre-treatment) and 2-3 days after each
application, including bud status, presence of inflorescences (presence of terminal inflo-
rescences), and vegetative stage. At each observation, shoots were classified according
to apex morphology as vegetative (bud swelling or leafy flush without a visible inflores-
cence) or floral (visible inflorescence primordia or emerging inflorescence). Final flowering
status was assessed when inflorescences had elongated to approximately 2-3 cm (white
millet stage). The four application dates were chosen according to prevailing weather
conditions and visible tree responses during the induction period. Leaf samples for car-
bohydrate and flowering-related gene analyses were collected on 2 and 7 February 2024
to capture treatment-induced changes during floral induction. The primary outcome was
the proportion of floral to vegetative stage per treatment and observation date, calculated
as the number of tagged shoots in floral stage divided by the total number of tagged
terminal shoots.

Table 1. Single agent plant growth regulator (PGR) treatments and concentrations applied during
warm winter conditions in early 2024.

Group Treatment Concentration (mg/L)
6-BA 6-Benzylaminopurine (6-BA) 13.33
ABA Abscisic acid (ABA) 3.33
BR Brassinolide (BR) 0.05
ETHO.2 Ethephon 26.67
ETHO.8 Ethephon 80.00
Oxy Oxyfluorfen 1.80
CK Water -

2.4. Composite Plant Growth Regulators and Key Nutrient Appications

To assess potential synergistic effects under warm-humid winter conditions, compos-
ite foliar sprays were formulated by combining PGRs (for example, ethephon, uniconazole,
cytokinins, gibberellins, abscisic acid, brassinosteroids) with key nutrients and elements
relevant to source-sink balance (for example, phosphorus and potassium sources and se-
lected micronutrients) (Table 2). Applications followed the same phenological timing, tree
selection, canopy division, randomization, and tagging scheme as described in Section 2.3.
In total, thirteen composite PGR-nutrient applications were tested, with water sprays
serving as the control (CK).

Table 2. Composite PGR treatments and concentrations applied during warm winter conditions in
early 2024.

Group

Treatment and Concentration

o >

RECR——~IOmEHON

Ethephon 26.67 mg/L + Uniconazole 33.33 mg/L
Ethephon 26.67 mg/L + Oxyfluorfen 1.80 mg/L
Ethephon 26.67 mg/L + Oxyfluorfen 1.80 mg/L + Glucose 10.00 g/L
Ethephon 26.67 mg/L + Oxyfluorfen 1.80 mg/L + Trehalose 5.00 g/L
Ethephon 26.67 mg/L + Oxyfluorfen 1.80 mg/L + Sucrose 10.00 g/L
Ethephon 26.67 mg/L + Uniconazole 33.33 mg/L + ABA 0.06 mg/L

Ethephon 26.67 mg/L + Uniconazole 33.33 mg/L + ABA 0.06 mg/L + Oxyfluorfen 1.80 mg/L
Diethyl aminoethyl hexanoate (DA-6) 0.40 g/L + Potassium Dihydrogen Phosphate (KH,PO,) 1.00 g/L

Prohexadione calcium 66.67 mg/L + KH,PO, 1.00 g/L
6-BA 13.33 mg/L + Triacontanol 0.67 mg/L + Boric acid 0.67 g/L + KH,PO,4 1.00 g/L
BR 0.05 mg/L + ABA 0.06 mg/L + KH,PO4 1.00 g/L+ Boric acid 0.67 mg/L
BR 0.05 mg/L + ABA 0.06 mg/L + KH,PO,4 1.00 g/L
6-BA 13.33 mg/L + Triacontanol 0.67 mg/L + KH,PO,4 1.00 g/L
Water
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Foliar sprays were applied at the designated concentrations to runoff on the same appli-
cation dates and within the same floral-induction window as described above. Within each
treated sector, 67 shoots of similar vigor were tagged and monitored as described for
the single-PGR trial, and pre- and post-treatment observations were recorded as above.
Treatments were compared to identify composite formulas that most effectively increased
the flowering proportion and reduced vegetative shoots.

2.5. Quantification of Starch and Sucrose

Terminal buds, leaves, and terminal shoot samples were collected on 2 and 7 February
2024 to determine carbohydrate levels to capture treatment-induced changes during floral
induction. For each treatment and sampling date, four biological replicates were taken,
each consisted of material pooled from several tagged terminal shoots. Terminal buds were
excised individually from the shoot apex, and a separate stem segment of approximately
2 cm in length was cut from the internode immediately below each sampled terminal bud
to represent the terminal shoot sample. Leaf samples consisted of fully expanded leaves
on the current-season flush at the 4th—6th leaf position below the terminal bud on the
same tagged shoots. Starch content was measured using the Solarbio BC0700 assay kit
(Solarbio Science Technology Co., Ltd., Beijing, China), following the manufacturer’s in-
structions. Leaf sucrose content was measured using the Solarbio BC2465 assay kit (Solarbio
Science Technology Co., Ltd., Beijing, China), also according to the manufacturer’s protocol.
Carbohydrate concentrations were expressed on a fresh-weight basis (mg g~! FW).

2.6. gPCR Analysis of Flowering-Related Genes

Terminal buds for flowering-related gene analyses were collected on 2 and 7 Febru-
ary 2024 to capture treatment-induced changes during floral induction. Total RNA was
extracted from frozen leaf tissue using standard protocols suitable for phenolic-rich tissues
with a Quick RNA isolation kit (Huayueyang Biotech Co. Ltd., Beijing, China), followed by
DNase treatment to remove genomic DNA contamination. First-strand cDNA was synthe-
sized from 2 pg total RNA using a reverse transcription kit according to the manufacturer’s
instructions (Yeasen Biotechnology Co. Ltd., Shanghai, China). Quantitative real-time
PCR was performed for flowering-related genes, including LcFLC, LcAP2, LcTFL1-1, LcLFY,
LcFD, and LcFUL, for primer design logic and assay conditions [30]. gPCR reactions were
carried out using the Hieff UNICON® ColorGPS qPCR SYBR Green Master Mix (Yeasen
Biotechnology Co. Ltd., Shanghai, China) according to the manufacturer’s instructions,
with the annealing temperature set to 55 °C. Gene-specific primer sequences are listed
in (Table 3), and amplification efficiency for each primer pair was verified from standard
curves generated from serial dilutions of pooled cDNA. For each sample, four biological
replicates were analyzed, each with three technical replicates. Expression levels were
normalized to the Cp values of the reference gene LcActin (HQ615689.1). For each sample,
AC, was calculated as Cp(target gene) — Cp,(LcActin), and relative transcript abundance
was then obtained using the 2~*4% method, where AAC, was calculated by subtracting
the mean AC), of the calibrator sample. Depending on the analysis, either vegetative buds
or the water control (CK) served as the calibrator, as specified in the corresponding figure
legends. The PCR reactions and measurements were carried out using a LightCycler® 480
II system (Roche Diagnostics Ltd., Rotkreuz, Switzerland).
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Table 3. Primer sequences used for qRT-PCR expression.

Gene Name

Forward Primer Sequence Reversed Primer Sequence

LcFLC
LcFD
LcAP2
LcTFL1-1 [5]
LcLFY
LcFUL
LcActin [5]

TAACCACTCCATTTCAACCTCATT CTTCCTGTCAATCCTTCATCTTCA
AACAACGACAACAACAACAATGG CGATGGAGAAGAGCAGGTAGA
TGGCAATCAGGTCCTCATCA GTCTAATCTGTGGTGCGAATCC
AAAGAAGTGGTGGGCTACGAGATT TAGACAGCAGCGACGGGAAG
GCGGCGGCGGAGAAGAAG TGCCACCACTACCACCGTTATCG
GCCCGAACTCGTCCACTATICTTT CGCCTCCGCTGGTCCTITG
ACCGTATGAGCAAGGAAATCACTG TCGTCGTACTCACCCTITGAAATC

2.7. Statistical Analysis

The experiment followed a split-canopy randomized complete block design, with tree
as block and canopy sector as the experimental unit for treatment comparisons. Unless oth-
erwise stated, data are presented as means + standard error of four biological replicates
(n=4).

For comparisons between two categories (e.g., floral vs. vegetative buds or shoots),
differences were evaluated using Student’s t-test. For comparisons among more than
two treatments (single and composite PGR applications), data were analysed by one-way
analysis of variance (ANOVA), and, where significant treatment effects were detected,
means were separated using Tukey’s honestly significant difference (HSD) test at p < 0.05.
All statistical analyses were performed with SPSS 26.0 (IBM Corp., Armonk, NY, USA).

3. Results
3.1. Climate Conditions and Carbohydrate Profiles Associated with Bud Fate in *Ziniangxi’

Weather conditions during the experimental period, as recorded by the automatic
weather station at the experimental base, confirmed that ‘Ziniangxi’ trees experienced a
warm and humid winter with very limited chilling (Section 2.2). Daily mean air temperature
remained above 18 °C throughout January—February 2024, with an overall mean of 21.38 °C,
and only seven days with mean temperature < 15°C (Figure 1A). Mean daily relative
humidity exceeded 90%, indicating persistently moist conditions. These data show that the
trial was conducted under a typical marginal-chill, warm-humid winter.

To evaluate how bud fate was associated with carbon status under these conditions,
buds on tagged shoots were classified into two categories. In the following analyses,
“floral” and “vegetative” refer to two alternative fates of buds: floral buds proceeded
to inflorescence development, whereas vegetative buds reverted to leafy growth after
the induction period. Carbohydrate contents in buds, leaves, and current-season shoots
differed between these two bud fates (Figure 1B-F). In buds, starch content tended to
be higher in floral than in vegetative buds (Figure 1B), although this difference was not
statistically significant (p > 0.05). In contrast, leaves subtending floral buds contained
significantly more starch than leaves associated with vegetative buds (p < 0.05; Figure 1C),
whereas current-season shoots showed slightly higher starch in vegetative than in floral
shoots (Figure 1D). Because sucrose can function both as a nutrient and as a signaling
molecule during floral transition, sucrose levels were profiled in both buds and leaves.
Sucrose showed a similar but weaker trend: bud sucrose content was numerically higher in
floral than in vegetative buds (Figure 1E), and leaf sucrose was also higher in floral than in
vegetative shoots (Figure 1F); however, these sucrose differences were not significant at
p < 0.05. Together, these patterns may suggest that leaf starch, rather than sucrose, was
more strongly associated with floral buds under the warm-humid conditions of this study.
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Figure 1. Climate conditions and carbohydrate profiles associated with bud fate in ‘Ziniangxi’.
(A) Daily air temperature in Chengmai, Hainan (January-February 2024); the red dashed line marks
15 °C, and the season featured short, late cold spells with prolonged rainy, overcast conditions.
(B-D) Starch content in terminal buds, leaves, and terminal shoots, comparing shoots that proceeded
to floral transition (Floral) versus those that reverted to vegetative growth (Vegetative). (E,F) Sucrose
content in buds and leaves for the same stages as described for B-D. “Floral” denotes buds that
developed into inflorescences, whereas “vegetative” denotes buds that reverted to leafy (vegetative)
growth. Error bars represent the standard error of the mean. Asterisks indicate significant differences
(* p < 0.05; Student’s t-test, n = 4).

Expression of flowering-related genes also differed consistently between floral and
vegetative buds (Figure 2). The floral repressor FLC showed markedly higher transcript
abundance in vegetative than in floral buds (approximately three- to fourfold; p < 0.05),
and similar patterns were observed for LcAP2, LcTFL1-1, LcFD, and LcLFY, which all exhibited
significantly greater expression in vegetative buds (p < 0.05 or p < 0.01, as indicated in
Figure 2). In contrast, the floral integrator LcFUL was significantly upregulated in floral buds,
with transcript levels roughly two- to threefold higher than in vegetative buds (p < 0.05).

3.2. Single-Agent Effects on ‘Ziniangxi” Bud Fate in Warm, Humid Winters

Under the warm-humid, marginal-chill winter described above, the late cultivar ‘Zini-
angxi’ was used as plant material because it has a relatively strong chilling requirement and
is prone to flowering failure and leafy admixture within developing inflorescences. These
characteristics make ‘Ziniangxi’ a sensitive and practical model for evaluating chemical
regulation of floral transition under insufficient chilling. Across the single PGR applica-
tions, tagged terminal shoots were at a uniform early flush stage at baseline (Pre-treatment),
with newly emerged vegetative shoots approximately 2-3 cm long and bearing expand-
ing leaves, and then displayed two typical developmental trajectories (Figure 3). In the
“successful” trajectory, buds that were vegetative at the baseline stage (Pre-treatment)
progressed, after repeated PGR applications (Post-T1 and Post-T2), to clear inflorescence
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development. In the “unsuccessful” trajectory, buds swelled but remained on a vegetative
path, producing leafy flushes and mixed rather than pure inflorescence. These contrasting
outcomes illustrate the criteria used to classify bud fate as floral or vegetative in subsequent
quantitative analyses.
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Figure 2. Relative expression of key floral regulators (LcFLC, LcAP2, LcTFL1-1, LcFD, LcLFY, LcFUL) in
terminal buds during floral transition and vegetative reversion. Expression values were normalized
to LcActin and expressed as fold change relative to vegetative buds (Z_AACP ). Error bars represent the
standard error of the mean. Asterisks indicate significant differences (* p < 0.05, ** p < 0.01; Student’s
t-test, n = 4).

Unsuccessful floral =%
bud transition

Successful floral
bud transition

Pre-treatment ] - Post-

Figure 3. Representative shoot outcomes of ‘Ziniangxi” under warm and humid conditions. Top
row: successful floral transition. Bottom row: vegetative outcome (unsuccessful). Columns show
Baseline (pre-treatment; early vegetative flush stage with terminal shoots approximately 2-3 cm long
and expanding leaves), Post-T1 (30 January 2024; 3 days after the second application), and Post-T2
(5 February 2024; 2 days after the fourth application).

For the single-agent trial, six PGR treatments (6-BA, ABA, BR, ETHO0.2, ETHO.8, and Oxy)
and a water control (CK) were imposed (Table 1). At the population level, the proportions
of floral and vegetative shoots under these treatments are summarized in Figure 4A for two
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assessment dates, 2 February (after the second application) and 7 February (after the fourth
application). On 2 February, flowering remained low across treatments, ranging from 0.00 to
0.27. The control (CK) and the BR and 6-BA treatments each had flowering proportions of 0.27,
ETHO.2 (26.67 mg/L) and ETHO.8 (80.00 mg/L) gave 0.20, ABA gave 0.13, and Oxy showed
no floral shoots (0.00). By 7 February, floral proportions had increased in all treatments.
The control reached 0.33, whereas ETHO0.2, ETHO0.8, BR, and 6-BA each reached 0.40-0.47,
and ABA showed the highest flowering proportion at 0.53. In contrast, Oxy remained low at
0.07, with most shoots still classified as vegetative (0.93).

A Floral and vegetative proportion comparison (Composite PGR treatment)

1or Vegetative (02/02/2024)
e Floral (02/02/2024)
B \/egetative (07/02/2024)
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Figure 4. Floral outcomes and leaf carbohydrates after single-agent PGR treatments in ‘Ziniangxi’.
(A) Proportion of shoots in vegetative versus floral states across six single treatments (6-BA, ABA, BR,
ethephon 26.67 mg/L, ethephon 80 mg/L, oxyfluorfen) and the water control (CK). Colors denote
phenological stage and observation date: vegetative on 2 February (light blue), floral on 2 February
(light red), vegetative on 7 February (dark blue), floral on 7 February (dark red). (B) Leaf sucrose
concentrations after single-agent PGR treatments. (C) Leaf starch concentrations after single-agent
PGR treatments. Bars above the columns indicate standard error of means; Same letters above
columns denote no significant differences between treatments according to Tukey (HSD) test at
p < 0.05.

Single PGR treatments had limited effects on leaf sucrose but did influence leaf starch
content (Figure 4B,C). On 7 February, leaf sucrose concentrations ranged from about
18 to 25 mg g~ ! FW across treatments, and no clear treatment effect was detected; all
single PGRs and the water control (CK) showed comparable sucrose levels (Figure 4B).
In contrast, leaf starch content varied markedly among treatments (Figure 4C). BR produced
the highest starch content (around 9 mg g~! FW), which was significantly higher than both
CK (approximately 4mg g~! FW) and 6-BA (about 5mgg~! FW). ETHO0.2, ETHO0.8, ABA
and Oxy gave intermediate starch levels that did not differ significantly from either BR or
CK, as indicated by the letter groupings in Figure 4C.
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Based on the relative expression results obtained in the comparison between floral
and vegetative buds (Figure 2), and to examine whether single PGR treatments altered the
expression of flowering-related genes, we quantified the transcript levels of LcFUL and LcFLC
in buds treated with PGR and the control (Figure 5). Relative LcFUL expression showed a slight
numerical increase in PGR-treated buds compared with the control (means approximately
1.1-1.5 vs. 1.0 on a relative scale), and LcFLC also tended to be numerically higher in PGR-
treated buds than in the control (means around 1.1-1.8 vs. 0.9). However, for both genes,
one-way ANOVA detected no significant differences among treatments (p > 0.05).

A 20 B30
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Figure 5. Relative expression of LcFUL and LcFLC in terminal buds of “Ziniangxi” after single-agent
PGR treatments. (A) Relative expression of LcFUL. (B) Relative expression of LcFLC. Expression
values were normalized to LcActin and expressed as fold change relative to CK (Z*AACP). Bars
represent mean =+ SE (1 = 4). Same letters above columns denote no significant differences between
treatments according to Tukey (HSD) test at p < 0.05.

3.3. Composite PGRs Effects on ‘Ziniangxi’ Bud Fate in Warm, Humid Winters

To further probe chemical regulation of floral transition under warm-humid, marginal-
chill conditions, thirteen composite PGR-nutrient applications were tested together with
a water control (CK) (Table 2). These composite applications combined ethephon with
different growth regulators (e.g., uniconazole, DA-6, 6-BA, BR), carbohydrates including
glucose, trehalose and sucrose, and nutrient components such as KH;POy, and boric acid
in various formulations coded as groups A-M.

Composite treatments generated a wider range of flowering rate responses than single-
agent PGRs (Figure 6A). On 2 February, flowering rate remained scarce in most groups:
treatments A, D, E, F, G, ] and CK showed no floral shoots, whereas treatment B, C and I
reached only 0.05, M reached 0.11, and H, K and L reached 0.15 and 0.20, respectively. By 7
February, flowering proportions had diverged more clearly among treatments. Groups A
to F and I still had no floral shoots, and the control reached only 0.05, indicating that almost
all tagged shoots remained vegetative. In contrast, several composite applications shifted
a substantial fraction of shoots into the floral category: group G reached 0.25, H, ] and K
each reached 0.25 to 0.40, treatment M reached 0.50, and treatment L reached the highest
flowering proportion of 0.63. Thus, only a subset of composite PGR—-nutrient formulations,
particularly groups G (Ethephon 26.67 mg/L + Uniconazole 33.33 mg/L + ABA 0.06 mg/L
+ Oxyfluorfen 1.80 mg/L), H (DA-6 0.40 g/L + KH,PO, 1.00 g/L), ] (6-BA 13.33 mg/L +
Triacontanol 0.67 mg/L + Boric acid 0.67 g/L + KH,PO, 1.00 g/L), K (BR 0.05 mg/L +
ABA 0.06 mg/L + KH,PO, 1.00 g/L+ Boric acid 0.67 mg/L), L (BR 0.05 mg/L + ABA 0.06
mg/L + KHyPO,4 1.00 g/L) and M (6-BA 13.33 mg/L + Triacontanol 0.67 mg/L + KHp PO,
1.00 g/L), noticeably redirected bud fate from vegetative to floral under the warm-humid,
marginal-chill conditions of this study.
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Figure 6. Floral/vegetative outcomes and leaf carbohydrate responses to composite PGR treatments in
‘Ziniangxi’. (A) Proportion of shoots in vegetative versus floral states across 13 composite treatments
and the water control (CK). Colors denote phenological stage and observation date: vegetative on
2 February (light blue), floral on 2 February (light red), vegetative on 7 February (dark blue), floral on
7 February (dark red). (B) Leaf sucrose concentrations after the composite PGR treatments. (C) Leaf
starch concentrations after the composite treatments. Bars above the columns indicate standard error
of means; Same letters above columns denote no significant differences between treatments according
to Tukey (HSD) test at p < 0.05.

Composite PGR applications also modified leaf carbohydrate status (Figure 6B,C).
On 2 February, leaf sucrose concentrations ranged from about 4 to 8 mg g~! FW. The control
and group B showed the highest sucrose contents, close to 8 mg g~ FW, whereas groups C
was at the lower end, around 4 mg g~ FW. The letter groupings in Figure 6B indicate that
sucrose in several compositestreatments (A, C, D, E, H and M) were significantly lower
than in the control at p < 0.05, whereas B, F, G, I, ], K and L did not differ significantly
from CK.

Leaf starch content showed the opposite tendency and was generally higher in many
composite treatments than in the control (Figure 6C). Starch concentrations spanned roughly
4 to 9 mg g~! FW. Groups G, H and K had significantly higher starch contents (about
8-9 mg g~ ! FW) than the control (CK), which, together with groups A and D, formed the
low-starch tier at around 4 mg g~ ! FW (p < 0.05). The remaining composites, including
B,C,E, E 1], Land M, showed intermediate starch levels that did not differ significantly
from either the high-starch or low-starch groups, as indicated by the letter groupings in
Figure 6C.

Expression of LcFUL and LcFLC in terminal buds under composite PGR applications
showed numerical differences among treatments but no statistically significant differences
relative to the control (Figure 7). Nevertheless, composite treatments with very low or no
inflorescence formation, such as E and F, tended to have the lowest LcFUL and highest LcFLC
transcript levels, whereas applications associated with higher flowering proportions (e.g., H,
K, L and M) generally showed higher LcFUL and slightly reduced LcFLC expression. These
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qualitative trends are consistent with the contrasting floral versus vegetative outcomes
observed among composite treatments.
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Figure 7. Relative expression of LcFUL and LcFLC in terminal buds of ‘Ziniangxi” after composite
PGR treatments. Expression values were normalized to LcActin and expressed as fold change relative
to CK (2—24Ch), Bars represent mean + SE (1 = 4). Same letters above columns denote no significant
differences between treatments according to Tukey (HSD) test at p < 0.05.

4. Discussion
4.1. Partial Recovery of Flowering Under Warm—Humid, Marginal-Chill Winters

The effects of appropriately timed PGR programs on the stability of floral induction
in the late litchi cultivar ‘Ziniangxi’ were evaluated under warm—humid, marginal-chill
winter conditions. During the experimental period, only seven chilling days with mean
temperature < 15 °C were recorded, and flowering remained unstable, with frequent flo-
ral reversion among tagged shoots (Figure 1A). Against this background, the single and
composite applications (Tables 1 and 2) evaluated here provide a quantitative, though ex-
ploratory, assessment of how chemical cues may partly compensate for insufficient chilling
in a late-maturing cultivar.

The flowering responses observed in ‘Ziniangxi’ are broadly consistent with earlier
reports that inadequate winter chill suppresses flowering competence and destabilizes bud
fate in litchi and other evergreen fruit trees [1,2,31,32]. Under the marginal-chill conditions
of this study, even the more effective programs increased the flowering proportion only
to about one third to two thirds of tagged shoots, and a substantial fraction of buds still
reverted to vegetative growth (Figures 4A and 6A). This partial response agrees with
field observations that late cultivars show large year-to-year variation in flowering under
warm winters, and it underscores the relatively strong chilling demand of ‘Ziniangxi” [2,5].
At the same time, the clear ranking among treatments, particularly in the composite trial
where groups H (DA-6 0.40 g/L+ KH,PO,4 1.00 g/L), L (BR 0.05 mg/L + ABA 0.06 mg/L +
KH,PO4 1.00 g/L) and M (6-BA 13.33 mg/L + Triacontanol 0.67 mg/L + KH,PO,4 1.00 g/L)
reached floral proportions of 0.63 and 0.50, respectively, indicates that chemical applications
can meaningfully shift the balance between floral and vegetative fates under suboptimal
climatic cues (Figure 6A).

The performance of individual PGRs and composites is aligned with their known
physiological roles in woody perennials [23,27,31]. Among single agents, ethephon at
80 mg/L and ABA at 3.33 mg/L produced the clearest numerical gains in floral proportion
compared with the water control (Figure 5A). By contrast, oxyfluorfen at 1.80 mg L~!
did not markedly change the proportion of shoots scored as floral relative to CK. In this
field trial, flowering status was recorded at the shoot level based on the presence of an
inflorescence primordium and did not distinguish between pure and leafy inflorescences;
therefore, any potential influence of oxyfluorfen on floral purity was not quantified and
can only be inferred qualitatively from shoot phenotypes. These patterns are consistent
with previous findings that ethylene releasers can reinforce bud rest and improve flowering
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after marginal chill, that ABA promotes bud maturation and readiness for floral transition,
and that leaf-removal herbicides primarily refine inflorescence purity [24,28,33]. Composite
formulations that combined ethephon and ABA with growth retardants, such as unicona-
zole, DA-6, 6-BA or BR, together with KH,PO,4 and micronutrients such as boron (groups G,
H, ], K, L and M), further increased flowering proportions and leaf starch contents relative
to the control, suggesting that such regulator—nutrient mixtures can partly compensate for
insufficient chilling [18,34] (Table 2 and Figure 6A).

4.2. Hormonal Crosstalk, Carbohydrate Status and Floral Gene Expression

The ranking of single and composite treatments is consistent with the roles of ethylene,
ABA and brassinosteroids in bud regulation outlined in the Introduction. In the present
experiment, ethephon and ABA based programs shifted a greater fraction of shoots into
the flowering category than the control, and several composite applications that combined
ethephon, ABA, BR and KH,POy4 (G, H, |, K, L and M) further increased flowering propor-
tions (Figure 6A). Under warm-humid, marginal-chill conditions, these responses suggest
that exogenous ethylene and ABA helped reinforce a rest- and maturation-like status at the
shoot apex, while low doses of BR together with KH,PO, and boron (applied as KH,PO4
and boric acid in the composite formulations) supported subsequent differentiation and
inflorescence development [21,23,35]. This pattern is consistent with current concepts of
hormonal crosstalk, in which ethylene- and ABA-mediated stress and dormancy signalling
interact with BR-mediated growth promotion to modulate meristem fate under subop-
timal chilling [22,23]. In this view, PGR-nutrient programs do not replace winter chill
but strengthen and prolong developmental cues that were only weakly supplied by the
prevailing climate.

Carbohydrate measurements are consistent with this interpretation. Across bud fates,
flowering shoots were associated with higher leaf starch, and composite applications with the
strongest flowering responses tended to show both increased starch and moderate sucrose
levels, rather than very high sucrose alone [36] (Figures 1B-D, 4B,C and 6B,C). Figure 1 char-
acterizes baseline differences in carbohydrate status between shoots that, in the absence of
PGR applications, naturally proceeded to floral transition and those that reverted to vegeta-
tive growth under marginal-chill conditions. In contrast, Figures 4 and 6 show how single
and composite PGR applications subsequently modified both bud fate and carbohydrate
profiles relative to the water control at defined sampling dates. In both settings, shoots that
ultimately became floral tend to have higher leaf starch than vegetative shoots, whereas
sucrose differences are smaller and more transient, consistent with sucrose being a more
labile carbon pool (Figure 1B-F). Thus, Figure 1 reflects the underlying carbohydrate bias
associated with bud fate under the prevailing climate, while Figures 4 and 6 illustrate how
PGR-nutrient applications can partly reinforce or mimic this bias. This pattern points to
strengthened carbon buffering around the apex as a positive correlate of floral commitment
under marginal chill, while sucrose differences at single time points remained modest
(Figure 1B-F).

At the gene-expression level, floral buds showed higher LcFUL transcript abundance
and vegetative buds showed higher LcFLC, LcAP2, LcTFL1-1, LcFD and LcLFY, indicating
that changes in the balance of the LcFT/LcTFL1/LcFLC module accompany the divergence
between floral and vegetative fates [33] (Figure 2). At the same time, LcFLC remained
relatively high even in successful treatments, and none of the applications produced a clear
repression of LcFLC at the whole-bud level (Figures 5B and 7). In the single-agent trial, both
LcFUL and LcFLC tended to be numerically higher in PGR-treated buds than in the control,
yet differences among treatments were not statistically significant. Under marginal chill,
buds classified as “flowering” may contain a mixture of floral and vegetative primordia,
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so whole-bud qPCR measurements are likely to reflect composite signals from tissues
with different developmental identities [37,38]. The relatively high LcFLC signal observed
even in treatments that increased the proportion of flowering buds is consistent with
this possibility and with the frequent occurrence of inflorescences with leafy admixture
in “Ziniangxi’, suggesting that many apices may occupy an intermediate state in which
promotive and repressive influences coexist [30,33]. However, the present data set does
not resolve the internal structure of the apices and no histological information on floral
meristems is available, so these patterns should be interpreted as correlative rather than
mechanistic. They are compatible with mechanistic models of hormonal crosstalk and sugar
signalling in floral control, but the qPCR data alone does not provide definitive evidence
for causal links between specific PGR-induced changes, LcFUL/LcFLC activity and floral
transition in litchi.

4.3. Limitations of the Present Study and Implications for Practice

Several limitations of this study should be acknowledged. First, all trials were con-
ducted in a single winter at one site on a single late-maturing cultivar, so the responses
observed here may not fully represent other years, locations or genotypes. Second, flower-
ing was assessed at the shoot level with a limited number of tagged shoots per treatment,
which constrains statistical power for detecting moderate treatment effects on flowering
proportions and Section 2.4. In addition, floral purity (leafless versus leafy inflorescences)
was not quantified in this experiment; leafy admixture within inflorescences was recorded
qualitatively rather than as a systematic count at full flowering. Third, carbohydrate and
gene-expression measurements were restricted to a small set of tissues and two sampling
dates; more resolved temporal profiles and additional signalling components would be
needed to delineate causal sequences. Fourth, the study did not extend to fruit set, yield,
quality or residue analyses, which are essential for translating candidate programs into
recommendations for commercial orchards. These limitations mean that the current work
should be viewed as an exploratory field study that identifies promising combinations and
patterns, rather than a definitive test of mechanisms.

Despite these constraints, the study provides a coherent framework for interpreting
how PGR-nutrient applications interact with marginal winter chill in a late litchi cultivar.
The convergence of flowering outcomes, carbohydrate signatures and LcFUL/LcFLC ex-
pression patterns suggests that carefully timed programs based on ethephon and ABA,
complemented by BR, 6-BA and KH,PO,4/micronutrients, can partially stabilize floral
induction in ‘Ziniangxi’ under warm-humid winters. At the same time, the persistent
high expression of LcFLC and the incomplete recovery of flowering remind us that there
is a climatic ceiling beyond which chemical intervention alone is unlikely to restore full
flowering. Future multi-year and multi-site trials that integrate chill modelling, detailed
physiological measurements and fruiting and residue assessments will be required to
convert these exploratory findings into robust agronomic recommendations.

5. Conclusions

Under the warm, low-chill conditions of winter 2023-2024 in Hainan, only a subset of
the tested PGR applications substantially improved floral induction in the late-maturing
litchi cultivar ‘Ziniangxi’. Single-agent applications of ABA, ethephon and brassinolide
and several ethephon-ABA-nutrient application programs increased the proportion of
flowering shoots and shifted bud carbohydrate status towards higher leaf starch, but did
not fully compensate for the lack of winter chilling. Whole-bud expression patterns of
LcFUL and LeFLC indicated that promotive and repressive floral signals remained in partial
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balance under marginal chill, supporting the view that PGR applications can modulate but
not override the underlying chill requirement.

From a management perspective, PGR applications that combine ethephon and ABA,
supplemented with brassinolide or 6-BA and nutrients, emerge as priority candidates
for further refinement in late-maturing litchi under warm winters. Future optimization
should explicitly account for the prevailing chilling regime by adjusting application timing
and dose relative to accumulated chill and tree carbohydrate status, and by evaluating
potential trade-offs between floral purity and overall flowering intensity. The present
results highlight the need for multi-year, multi-site field experiments spanning a gradient of
winter temperatures and cultivars to quantify how flowering responses to PGR application
programs scale with chill accumulation, to include explicit scoring of floral purity (leafless
versus leafy inflorescences) at full flowering, and to develop chill-sensitive guidelines for
the use of PGRs in late-maturing litchi under a warming climate.
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