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Abstract

Far-red radiation affects many plant processes, including reproductive organ abortion. Our research aimed to determine the role
of apical dominance in far-red light-induced flower and fruit abortion in sweet pepper (Capsicum annuum L.). We conducted
several climate room experiments where plants were grown under white- or red-rich LED light, with or without additional
far-red light. Additional far-red light enhanced apical dominance: it increased auxin levels in the apices of dominant shoots,
and caused a greater difference in internode length and apical auxin levels between dominant and subordinate shoots.
Additional far-red light stimulated fruit abortion in intact plants but not in decapitated plants, suggesting a crucial role of shoot
apices in this effect. However, reducing basipetal auxin transport in the stems with N-1-naphthylphthalamic acid did not influence
far-red light-stimulated fruit abortion, although auxin levels in the stem were largely reduced. Applying the synthetic auxin 1-
naphthaleneacetic acid on decapitated apices did not influence fruit abortion. However, applying the auxin biosynthesis inhibitor
yucasin to shoot apices reduced fruit abortion regardless of the light conditions, accompanied by slight shoot growth retardation.
These findings suggest that the basipetal auxin stream does not mediate far-red light-stimulated fruit abortion. Far-red light-sti-
mulated fruit abortion was associated with reduced sucrose accumulation and lower invertase activities in flowers. We suggest
that under additional far-red light conditions, increased auxin levels in shoot apices promote fruit abortion probably through
enhanced competition for assimilates between apices and flowers, which limits assimilate import into flowers.

Introduction receptors, which are activated by red light (R; 600 to
700 nm) and inactivated by FR. Low R:FR ratios trigger shade
avoidance syndromes in various species, characterized by
strong internode elongation, less outgrowth of lateral buds,
and more biomass partitioning to stem (Demotes-Mainard

Flower and fruit abortion, which comprises the cessation of
development of these organs and their subsequent abscis-
sion, is an important cause of yield loss in fruit crops. In sweet
pepper (Capsicum annuum L.), flower and fruit abortion can X )
reach up to 70% to 80% (Wubs et al. 2009). Flower and fruit et al. 2016). In our previous work, we observed that fruit
abortion can be induced by various environmental signals, abortion in sweet pepper was promoted by additional FR
such as far-red radiation (FR; 700 to 800 nm). Generally, FR ~ during the day or at the end of day (Chen et al. 2022).
is an important signal for plants (Demotes-Mainard et al.  However, the mechanism of this phenomenon is still
2016). Plants perceive FR with the phytochrome light  unknown.
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Flower and fruit abortion in peppers involves the forma-
tion of an abscission layer in the pedicel, controlled by the
balance between auxin and ethylene (Taylor and Whitelaw
2001). Ethylene promotes fruit abscission, while auxin hin-
ders this process and reduces the sensitivity of the abscission
zone to ethylene (Taylor and Whitelaw 2001). Low auxin flux
through the abscission zone activates the abscission zone,
causes cell separation, and subsequently leads to flower or
fruit abortion (Botton et al. 2011). In the formation of an
abscission layer, correlative inhibition may play an important
role (Bangerth 1989). Correlative inhibition is an important
regulatory mechanism in plants, where one part of the
plant suppresses the growth and development of another
part. Apical dominance is a form of correlative inhibition,
where the shoot apical meristem suppresses the outgrowth
of lateral meristems, and potentially suppresses the growth
of other organs as well (Walker and Bennett 2018). A low
R:FR ratio can promote apical dominance (Leduc et al.
2014), which makes apical dominance a candidate to explain
FR-stimulated abortion. Dominance of earlier formed fruits
can also lead to abortion of later-formed fruits or flowers
in pepper (Marcelis et al. 2004). However, this cannot explain
the FR-stimulated abortion, as in our previous work, the
FR-stimulated abortion was already shown among the first
fruits of a plant (Chen et al. 2022).

Apical dominance has been mainly studied in the out-
growth of lateral buds, where the controlling role of auxin
can be direct or indirect (Domagalska and Leyser 2011;
Beveridge et al. 2023). Based on the canalization model, auxin
transport auto-inhibition is the key to the dominance phe-
nomenon, where an actively growing organ is able to inhibit
the export of auxin from other organs directly (Bangerth
1989). Auxin export from a lateral bud is essential for its out-
growth (Morris 1977). This only occurs if the bud creates a
canalized link between itself and the polar auxin transport
stream in the stem, which could be prevented by apically de-
rived auxin via saturating the transport capacity of the main
stem (Prusinkiewicz et al. 2009). Another explanation sug-
gests that auxin indirectly controls the outgrowth of buds
by regulating the synthesis of secondary messengers, cytoki-
nins and strigolactones, which can move into lateral buds
and regulate branching (Brewer et al. 2015). Furthermore,
the role of sugar in apical dominance has also been empha-
sized. Sugar translocation into the buds was one of the earli-
est observations during the outgrowth of buds after
decapitation, whereas changes in auxin content in the adja-
cent stem happened much later than the bud outgrowth
(Morris et al. 2005; Mason et al. 2014). Moreover, sucrose
supply can directly promote bud release, which suggests
that enhancing sugar supply to lateral buds is sufficient for
overcoming apical dominance (Mason et al. 2014). Thus,
the sugar demand of shoot tips was suggested to be one of
the initial regulators of apical dominance instead of auxin.
However, the sustained growth of buds will require contin-
ued sucrose supply and auxin depletion in the adjacent
stem (Cao et al. 2023).
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Similar to the outgrowth of a lateral bud, auxin export is
also essential for fruit retention (Xie et al. 2013). The inter-
ruption of auxin export from the developing fruit by
2,3,5-triiodobenzoic acid (TIBA) promoted fruit abscission
in sweet cherry (Prunus avium L.) (Else et al. 2004). If auxin
export from the flower or fruits is inhibited by apically de-
rived auxin, the formation of an abscission layer and thus
the abscission of the inhibited organ can happen (Bangerth
1989). On the other hand, when the shoot tip of an apple
(Malus domestica Borkh.), grape (Vitis vinifera L.) or bean
(Vicia faba L.) plant was removed, nearby fruits showed high-
er fruit set and started to export more indole-3-acetic acid
(IAA) (Bangerth 1989, 2000). Parthenocarpic fruits were
even formed in tomato (Solanum lycopersicum L.) and pea
(Pisum sativum L.) when apical dominance was released
(Rodrigo and Garcia-Martinez 1998; Serrani et al. 2010).
These findings suggest an important role of apical shoots
in controlling fruit set, which may share the same mechanism
as controlling the outgrowth of lateral buds.

The promotion of apical dominance by low R:FR ratio
(Leduc et al. 2014) is related to its effect on promoting auxin
synthesis and possibly auxin transport (Kiipers et al. 2020;
Song et al. 2023). The auxin export of a sink organ is essential
for its vascular tissue differentiation, which determines the
import of assimilates, water, and minerals into the sink organ.
Auxin may have a direct effect on assimilate transport, which
then favors dominant organs with their higher auxin diffu-
sion rate (Morris and Arthur 1987; Patrick and Steains
1987; Bangerth 1989). This brought up the possibility that
the enhanced apical dominance under a low R:FR ratio
may not only inhibit the auxin export from flowers and fruits
through auxin transport autoinhibition but also limit assimi-
late import to flowers and fruits. In pepper flowers, decreased
sugar accumulation was closely linked to the subsequent
flower abortion under a low light intensity or extra leaf re-
moval (Aloni et al. 1996). The presence of fruit as a competi-
tor reduced the sucrose translocation from source leaves to
new flowers, followed by a lower sugar level in flowers (Aloni
et al. 1991). Likewise, 1-naphthaleneacetic acid (NAA) and
shading-induced flower drop in apple were associated with
repressed expression of sorbitol and the sucrose transporter
genes in the fruit abscission zone (Zhu et al. 2011).
Furthermore, feeding sucrose inhibited pepper flower abor-
tion (Aloni et al. 1997). Aloni et al. (1997) suggested that
the translocated sucrose into flowers can inhibit abscission,
by enhancing the activity of sucrose synthase (SuSy) and in-
vertases, which are responsible for sucrose cleavage. Thus, it
may ensure sucrose continuously enters the developing flow-
er and sustains its growth.

To elucidate the role of apical dominance in FR-stimulated
flower and fruit abortion, a series of experiments was con-
ducted in which (1) plants were decapitated, (2) the basip-
etal auxin stream in stems was inhibited chemically by the
auxin transport inhibitor N-1-naphthylphthalamic acid
(NPA), (3) synthetic auxin NAA was applied on decapitated
plants, and (4) auxin biosynthesis at apices was inhibited
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chemically with yucasin, when plants were grown under LED
light with or without FR. We hypothesized that limiting ba-
sipetal auxin transport or the level of apically derived auxin
reduces FR-stimulated flower and fruit abortion. Besides
measurements of abortion and auxin content, sugar content
and enzyme activities for sucrose cleavage in flowers were
analyzed to determine whether FR-stimulated abortion was
associated with a lower sugar accumulation and a lower level
of sucrose cleavage activity.

Results

FR enhances dominance of the larger apical shoots
in pepper

Pepper plants follow a dichotomous branching pattern.
Between two apical shoots derived from the same apex,
one usually is slightly larger than the other one, which sug-
gests that one apical shoot has dominance over the other.
To study if FR-stimulated fruit abortion is mediated by en-
hanced dominance of the larger apical shoot, we first deter-
mined whether this dominance was enhanced by FR.
Six-wk-old plants were grown under white light without
far-red (“—FR”) or supplemented with FR (“+FR”). Plants
were only allowed to have vegetative growth by removing
all flower buds.

After 23 d of cultivation, additional FR led to an increasing
difference in dry weight and length between the two twin
shoots starting from the third layer of internodes (internode
3) (Fig. 1, B and G; Supplementary Fig. S1). Additional FR had
less influence on the unbalanced growth of the first and se-
cond layer of internodes (internodes 1 and 2), which was
probably related to the developmental stages of internodes
when light treatments started (Supplementary Fig. S2). A sig-
nificantly higher level of auxin was observed for the apices of
the larger shoots compared to the smaller shoots when
grown without additional FR, and this difference was en-
hanced by additional FR (Fig. 1D). Additional FR also com-
pletely inhibited the outgrowth of lateral shoots during the
experimental period, which appeared mostly below the first
splitting node (Fig. 1E; Supplementary Fig. S1). This effect of
FR was also found in our other experiments (Supplementary
Fig. S3). All these findings suggest that additional FR en-
hanced the dominance of the larger apical shoots over the
smaller apical shoots and over lateral shoots.

Apical shoots mediate FR-stimulated fruit abortion
To test our hypothesis that an increase in dominance of the
larger apical shoots was responsible for the FR-stimulated
fruit abortion, plants were cultivated with or without add-
itional FR, while these plants were pruned to keep four
main shoots potentially carrying eight flowers (Fig. 2A).
Additional FR was added 11 d before the first anthesis. Half
of the plants in both light conditions were decapitated above
the last formed flowers (marked yellow) when these reached
anthesis (Fig. 2A).
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Additional FR enhanced the growth of apical shoots,
shown as an increased plant height (Supplementary Fig.
S4), and a higher dry mass accumulation and partitioning
to stems (Supplementary Fig. S5). The effect of FR on stem
elongation and dry mass partitioning to the stem was re-
duced when the plants were decapitated. In addition, we no-
ticed that flowers and young fruits under additional FR had
substantially longer pedicels in both intact and decapitated
plants (Supplementary Fig. S6). Pedicel length might influ-
ence the rate of assimilates import as a longer pedicel re-
quires a longer transport path. However, we did not find a
relation between pedicel length and fruit abortion.

Additional FR stimulated fruit abortion in nondecapitated
plants. Interestingly, decapitation increased the number of
fruits per plant under both light conditions which resulted
in no influence of FR on fruit abortion in decapitated plants
(Fig. 2B). This implies that the presence of the apical shoot
has a stimulating effect on fruit abortion, and suggests that
the apical shoot mediates the FR-stimulated fruit abortion

in pepper.

Auxin transport from the apical shoot is not
responsible for the FR-stimulated fruit abortion
Basipetal auxin transport is considered as a core component
of dominance from apical shoots. We, therefore, tested redu-
cing basipetal auxin transport from the apex with the auxin
transport inhibitor NPA. Application of NPA on the main
stems above the highest flowers did not affect the
FR-stimulated fruit abortion compared to the control groups
(Fig. 3B).

To determine the effectiveness of NPA application, we
sampled the apices and stem segments above (stem A) and
below (stem B) the NPA application site (Fig. 3A).
Additional FR generally increased auxin levels in these tissues,
and NPA application increased the auxin levels in the apex
and stem above the application site (stem A). In the stem be-
low NPA application site (stem B), NPA application resulted
in a substantial drop in the auxin level under both light con-
ditions (Fig. 3C). This result indicates that NPA had the de-
sired effect of reducing basipetal auxin transport from the
apex to the flowers, and that basipetal auxin transport
does not mediate the stimulating effect of the apical shoot
on fruit abortion.

Synthetic auxin NAA application does not promote
fruit abortion

To investigate if NAA can replace the role of apical shoots to
promote fruit abortion in pepper, we applied the synthetic
auxin NAA to the decapitated apices. In this experiment,
we had four treatments: intact plants cultivated with or with-
out additional FR; or decapitated plants cultivated under
additional FR with or without NAA applied to the decapita-
tion site. The fruit number on nondecapitated plants was
very low: despite the consistent trends with previous experi-
ments that additional FR reduced fruit number, the effect
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Figure 1. FR stimulates dominance from apical shoots in pepper plants. A) Plant shoot architecture during the vegetative growth experiment. All
flowers were removed. Leaves are not shown. BS = bottom stem, the stem before splitting; 11 to I3 = internode 1 to 3; 14 = internode 4, and the apex
above. Plants were cultivated with or without FR. B, C) Length ratio and dry weight ratio of the two internodes connected to the same node below,
which was calculated by using the value of the larger shoot divided by the smaller one. D) Levels of IAA in 1 cm of apices from larger and smaller
shoots, respectively. FW stands for fresh weight. E) Number of lateral shoots with a stem longer than 0.2 cm and a leaf longer than 1.5 cm. “No”
indicates no lateral shoots in +FR treatment. Mean values were derived from two statistical replicates, each based on six plants. Dots indicate in-
dividual data of each statistical replicate. One-way ANOVA was performed for each internode in (B) and (C). Two-way ANOVA was performed for
(D). Error bars in (B) to (E) indicate + standard error of mean based on the common variance. Different lowercase letters indicate significant differ-
ences between treatments according to Fisher’s unprotected LSD test at P = 0.10.

was not statistically significant (Fig. 4B), which might be due
to the variations among starting materials from their seedling
stages in greenhouses. Decapitation significantly reduced
fruit abortion, while adding NAA on decapitated stems did
not promote fruit abortion (Fig. 4B). Endogenous IAA was

quantified in all treatments including the one with exogen-
ous application of NAA, considering that NAA may influence
IAA level via a potential effect on local IAA biosynthesis.
Additional FR significantly elevated IAA levels in the apex,
lower node, and topmost mature leaves compared to no
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Figure 2. FR has no influence on fruit abortion in decapitated pepper plants. A) Plant shoot architecture during decapitation experiment. Plants
were cultivated with or without FR. Plants were pruned to have four main shoots carrying eight flowers. Leaves are not shown. Decapitation was
performed when the upper layer of flowers reached anthesis. B) Number of fruits per plant on day 44 since light treatments. Mean values were
derived from three statistical replicates, each based on eight plants. Dots indicate individual data of each statistical replicate. ANOVA based on
split-plot design was performed. Error bars indicate +standard error of means based on the common variance. Different lowercase letters indicate
significant differences between treatment means according to Fisher’s unprotected LSD test at P = 0.10.

additional FR (Fig. 4C). Decapitation reduced IAA levels in
both lower and higher nodes, and decapitation plus NAA ap-
plication caused an even stronger reduction, suggesting that
exogenous NAA application did affect endogenous IAA level
(Fig. 4C). Furthermore, we noticed fewer lateral shoots in the
NAA treated plants (Supplementary Fig. S3) indicating that
the NAA application was effective in partially restoring apical
dominance with respect to shoot branching.

Auxin biosynthesis inhibitor yucasin applied on shoot
apices reduces fruit abortion independent of FR

To test whether the increased auxin concentration in the
shoot apex under additional FR is causing the observed dom-
inance, the apices were treated with the auxin biosynthesis
inhibitor yucasin (5-(4-chlorophenyl)-2,4-dihydro-[1,2,4]-
triazole-3-thione). Yucasin inhibits the activity of the
YUCCA proteins, which are enzymes in a rate-limiting step
of auxin biosynthesis (Nishimura et al. 2014). Spraying plant
apices with yucasin resulted in an increase in fruit number, i.e.
less fruit abortion in both plants grown with or without add-
itional FR (Fig. 5B). Especially under additional FR, yucasin ap-
plication reduced IAA levels in all tissues except for the
topmost mature leaf (Fig. 5D). Furthermore, we noticed a
substantial reduction in plant height of 4.4 or 6.6 cm by yu-
casin treatment when grown with or without additional FR,
respectively (Fig. 5C). This indicates that the reduced fruit
abortion by inhibiting auxin biosynthesis in apices corre-
sponded with a suppressed shoot growth.

FR causes a lower sucrose content and lower sucrose
cleavage enzyme activities in flowers

From the above experiments, we realized that, even though
additional FR did increase IAA levels in the shoot apex and
inhibition of auxin biosynthesis in the shoot apex reduced

fruit abortion, the basipetal auxin transport was unlikely to
be the direct reason for enhanced flower and fruit abortion
under additional FR. This brought us to investigate if the
competition for assimilates between apex and flowers could
be an explanation for the FR-stimulated fruit abortion. We
hypothesized that the shoot apex may demand more assim-
ilates under additional FR—corresponding with a higher aux-
in level—and may cause carbohydrate shortage in flowers
and nearby tissues.

Plants grown in the same light conditions as in the yucasin
experiment were used for tissue sampling for carbohydrates
(Fig. 6A) and hormonal analysis (Supplementary Fig. S7).
Additional FR increased the total soluble sugar and nonstruc-
tural carbohydrates to different extents in different tissues
(Supplementary Fig. S8). In the sampled vegetative tissues,
additional FR generally elevated the levels of all sugars: glucose,
fructose, sucrose, and starch (Fig. 6B), which indicates that
there was unlikely a sugar shortage in the tissues surrounding
the flowers. In flowers, the concentration of glucose, fructose,
sucrose, and starch showed a peak at anthesis compared to 7 d
before and 7 d after anthesis. Additional FR led to a slight ele-
vation of this peak for glucose, fructose, and starch, but to a
substantial reduction of sucrose (Fig. 6B). In addition, we no-
ticed that flowers on day 7 after anthesis were generally smal-
ler when grown under additional FR (Supplementary Fig. S9),
which suggests a suppression on fruit growth by additional FR.

We examined the enzyme activity of multiple groups of in-
vertases and SuSys, which are responsible for sucrose cleav-
age and linked closely to sink strength (Wang et al. 1993;
Zrenner et al. 1995; Morey et al. 2018). In flowers, additional
FR led to a significantly lower level of cell wall invertases
(CWI) at anthesis, and a lower acid invertase (Al) activity
at, and after anthesis (Fig. 7). In shoot apices, the CW| activity
was much lower than in flowers, and additional FR led to a
reduction before anthesis. The Al activity in the apex was
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Figure 3. NPA application reduces auxin basipetal transport but does not influence fruit abortion. A) Plant shoot architecture in the NPA experi-
ment. Plants were pruned to have four main shoots carrying 12 flowers. Leaves are not shown. Plants were cultivated with or without FR. NPA
(5 mg/g) was applied in lanolin paste as a ring around the stems when the upper layer of flowers reached anthesis, while sole lanolin was applied
to the control group. 1 cm of apices; 1 cm of stem above the NPA application site (stem A); 1 cm of stem below the NPA application site (stem B)
were collected for auxin determination. B) Number of fruits per plant on day 52 since light treatments. C) Levels of IAA in apex, stem A, and stem
B. FW stands for fresh weight. Mean values were derived from two statistical replicates, each based on six plants. Dots indicate individual data of each
statistical replicate. ANOVA based on split-plot design was performed for (B) and (C). Error bars indicate +standard error of means based on the
common variance. Different letters for the same tissue indicate significant differences between treatment means according to Fisher’s unprotected
LSD test at P =0.10. In (C), small letters are for apex, capital letters are for stem A, and small letters in bold and Italics are for stem B.

reduced by FR before anthesis but slightly increased after an-
thesis. Additional FR led to much less reduction of CWI and
Al activity in the apex than in flowers. The effect of additional
FR on SuSy was very small in both tissues. Neutral invertases
(NI) showed very low activity in both tissues, and FR did not
have a significant effect on their activity except causing a
slight reduction in apex before anthesis (Fig. 7). Moreover,
additional FR reduced the protein content in flowers but
increased the protein content in apex after anthesis
(Supplementary Fig. S10).

Hormone analysis revealed that additional FR resulted in
substantially lower IAA, and higher salicylic acid (SA) levels
in flowers on day 7 after anthesis (Supplementary Fig. S7).
Additional FR also led to a higher ethylene emission rate in
flowers on day 1 to 3 after anthesis, but not anymore on
day 4 to 7 after anthesis (Supplementary Fig. S11). Abscisic
acid (ABA) and the ethylene precursor ACC can promote ab-
scission. However, additional FR did not influence ACC levels
in flowers at all three flower stages; and only lowered ABA

level in flowers before anthesis, but not anymore from anthe-
sis onwards (Supplementary Fig. S7).

Furthermore, we also examined the pollen quality of pepper
flowers, as pollen may be susceptible to stress. The pollen qual-
ity can influence fertilization and therefore seed development.
The number of seeds could influence the auxin export and the
fruit's sink strength in the competition for assimilates
(Marcelis and Baan Hofman-Eijer 1997, Wubs et al. 2009).
The number of pollens per flower, the fraction of viable pollen,
as well as the average seed number per fruit, were all not or
hardly influenced by additional FR (Supplementary Fig. S12
and S13). Thus, compromised pollination or fertilization is un-
likely to explain FR-stimulated abortion.

Discussion

FR causes a stronger apical dominance in pepper
FR, as an important component of solar radiation, triggers a
wide range of plant responses and has a critical influence on
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plant developmental processes. In our previous study, we
showed a negative effect of FR on fruit set in sweet pepper
(C. annuum L.) (Chen et al. 2022). Here, we investigated
whether this negative effect is related to an increased apical
dominance under additional FR. As a common form of cor-
relative inhibition, where one part of the plant suppresses
the growth and development of another part, apical dom-
inance has an important role in regulating plant growth
in resource-limited environments. Our study shows that ap-
ical dominance plays a role in the suppressing effect of add-
itional FR on fruit set, i.e. stimulating fruit abortion by
additional FR.

First, we showed that additional FR promotes the domin-
ance of the larger dichotomous apical shoots (dominant)
over the smaller apical shoots (subordinate) in pepper, re-
sulting in an increased ratio between the length of dominant
and subordinate shoots. This enhanced dominance under
additional FR also reduced the number of lateral shoots to
almost zero (Fig. 1E; Supplementary Fig. S3). The promoted
growth of dominant shoots was accompanied by a higher le-
vel of auxin in their apices compared to subordinate shoots
(Fig. 1D). This is in line with the apical dominance effect in a
dwarf pea (P. sativum L.) system with two cotyledonary
shoots: IAA transport from the subordinate shoot was

202 UOIBI\ L.Z UO J9SN Jia)isIaAlunmnogpueT Jop yaaulolaig Aq 100609./8809ey/sAyd|d/€60 L 01 /10p/o[iMe-ouBApE/SAYdd/WO0o"dNoolWapED.//:Sd)lY WO papeojumod


http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiae088#supplementary-data

8 PLANT PHYSIOLOGY 2024: 00; 1-16 Chen et al.

1

= Stems

® Apices

C‘ij T‘I‘J Flowers

\ // Yucasin spraying
Y sites

T3 Sampling sites

B O-FR C i o-FR
8 1 m+FR 0 m+FR
T 100 | -C
c —_
g%’ § %01
9 E 80 -
241 e 2
= < 70 4
_g 2 Wb b o 60 5
0 1 40
Control Yucasin Control Yucasin
D OApex
O Higher node
20 4 B Lower node
18 4 ; & Topmost mature Leaf
g 16- .
D 44 | =y
S N b
S: 12 4 :
5 10 - a
T 8r
g o
c 44
Q
o 2 _
E

Control Yucasin Control —| Yucasin

-FR +FR
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considerably reduced compared to that from the dominant  of a plant (Fig. 1, B and C) is a suitable morphological indicator
shoot (Morris 1977). Thus, we consider the dominance from for the stronger apical dominance for dichotomous branching
shoot apices over other organs, including subordinate shoots,  species.

lateral shoots and reproductive organs, as apical dominance (a Decapitation (removal of all shoot apices) reduced fruit
form of correlative inhibition from shoot apices, as discussed ~ abortion in sweet pepper, which is in line with findings in
in reviews: Walker and Bennett 2018; Kotov et al. 2021;  other species (Bangerth 1989, 2000). Additional FR did not
Beveridge et al. 2023). Based on this, we suggest that the en-  influence fruit abortion in decapitated plants (Fig. 2), sug-
hanced unbalanced growth between two dichotomous shoots  gesting shoot apices are the key mediators of the FR effect
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values were derived from four statistical replicates, each based on two plants. Split-plot ANOVA was performed on all parameters. Error bars indicate
+standard error of means based on the common variance. Different lowercase letters indicate significant differences between treatment means

according to Fisher’s unprotected LSD test at P =0.10.

on fruit abortion. The removal of shoot apices not only re-
moves the basipetal auxin transport from these apices, but
also removes the strong sinks that are competing for photo-
synthetic assimilates. Here, we attempt to investigate if the
competition for the basipetal auxin stream or assimilates ex-
plains the FR-stimulated fruit abortion.

Basipetal auxin stream is not the reason
for FR-stimulated fruit abortion
Polar cell-to-cell auxin transport is considered an important
factor in apical dominance. According to the canalization
model (Bangerth 1989; Prusinkiewicz et al. 2009), actively
growing shoots under additional FR can inhibit the export
of auxin from flowers by saturating the auxin transport cap-
acity of the main stem. We found that additional FR elevated
the auxin levels in apices, and in the stems or nodes above
flowers. This might cause a stronger basipetal auxin stream,
which has the potential to inhibit the export of auxin from
young flowers and fruits, stimulating abortion. However, re-
ducing basipetal auxin transport from shoot apices did not
reduce fruit abortion (Fig. 3), nor did auxin application on de-
capitated shoots promote fruit abortion (Fig. 4), suggesting
that competition for the basipetal auxin stream is not in-
volved in the FR-stimulated fruit abortion.

Auxin transport inhibitor NPA was reported to relieve the
apical dominance, while synthetic auxin NAA can restore the

apical dominance over the outgrowth of lateral buds in pea
and Arabidopsis (Li et al. 1995; Chatfield et al. 2000; Nakajima
et al. 2001). However, NPA and NAA did not exert such ef-
fects on fruit abortion. NAA application on decapitated
shoots did have an inhibitory effect on the outgrowth of lat-
eral shoots and endogenous IAA level, where the combined
effect of exogenous NAA and endogenous IAA would require
further investigation, e.g. at the transcriptional level. Even
though NPA caused an auxin depletion in the stem, it did
not stimulate lateral bud growth (Morris et al. 2005, and cur-
rent study) or fruit set (current study) as decapitation did.
We thus suggest that the decapitation may promote fruit
set and outgrowth of lateral shoots via an auxin-independent
mechanism in pepper plants.

Assimilate competition could be the main reason
for FR-stimulated fruit abortion

The intense demand for sugars of shoot tips has recently at-
tracted attention as an important component of apical dom-
inance (Barbier et al. 2015; Schneider et al. 2019; Kotov et al.
2021). This is probably because the auxin depletion after de-
capitation happened much later than the initial bud out-
growth, while the changes in sucrose are rather rapid and
can correspond better with the timing of early stages of
bud outgrowth (Morris et al. 2005; Mason et al. 2014).
Axillary bud outgrowth can be promoted by sugars in

202 UOIBI\ L.Z UO J9SN Jia)isIaAlunmnogpueT Jop yaaulolaig Aq 100609./8809ey/sAyd|d/€60 L 01 /10p/o[iMe-ouBApE/SAYdd/WO0o"dNoolWapED.//:Sd)lY WO papeojumod



10 | PLANT PHYSIOLOGY 2024: 00; 1-16
Flower Apex
30 30 —-FR
_E 251 25 | ~-+FR
£8 20 - 204
S o 15 - 15 - b
Z 35 104 10 { pF—F g
<5 5 5 ab 3
0 0
— 60 6
gg 50 - 5
S 40 4
89 30 3
= g 20 2 -
O = 10 1 11
0 0
—~ 6 6
L
£ 51 5
‘é‘g 4 4 4
>
T o 3 3 A
EE 2 2 .
= a
= ; 2 ¢ éiab?ﬁf‘%—_‘gs
15 10
2E 1Y 8
ZZ 6 -

g I bc G
02 g 44 T ab ..
[«] ——

BE 3 a 2{a & P°°
0 = 0 0 —

70 7 7 0 7

Days after anthesis Days after anthesis

Figure 7. Effect of additional FR on the activity of sucrose cleavage en-
zymes. Plants were cultivated with or without FR. The activity of soluble
Al, cell wall invertase (CWI), NI, and SuSy in flowers and apex on day 7
before anthesis, at anthesis, and on day 7 after anthesis. FW stands for
fresh weight. Samples were collected within the last hour of light per-
iod. Mean values were derived from four statistical replicates, each
based on two plants. Split-plot ANOVA was performed on all para-
meters. Error bars indicate +standard error of means based on the
common variance. Different lowercase letters indicate significant differ-
ences between treatment means according to Fisher’s unprotected LSD
test at P =0.10.

different plant species (Mason et al. 2014; Barbier et al. 2015;
Salam et al. 2021; Xia et al. 2021).

We noticed that promoted fruit set in decapitated plants or
yucasin-treated plants was accompanied by no or less shoot
growth (in terms of plant height), compared to intact plants
or plants not treated with yucasin, respectively. Moreover,
additional FR increased the dry matter partitioning to the
stem at the expense of the leaves, in agreement with previous
reports (Ji et al. 2019; Kalaitzoglou et al. 2019; Chen et al. 2022).
Additional FR elevated the auxin levels in apices, suggesting a
higher demand of apices for assimilates, as high auxin level is
positively linked to high assimilate import (Morris and
Arthur 1987; Patrick and Steains 1987, Bangerth 1989).
Similarly, plant apices probably had a lower demand for assim-
ilates during the attempted inhibition of auxin biosynthesis at

Chen et al.

the plant apices, which can explain the reduced fruit abortion
with or without additional FR. Therefore, the higher demand
of plant apices for assimilates seems a more likely reason for
the FR-stimulated fruit abortion.

We hypothesize that additional FR would lead to a re-
distribution of carbohydrates within the plant. Additional
FR led to an elevation of soluble sugars and starch in most
tested vegetative organs, including the leaf and stem adja-
cent to the flowers (Fig. 6), which is in agreement with the
findings in tomato (S. lycopersicum L.), lettuce (Lactuca sativa
L.), and tobacco (Nicotiana tabacum L.) (Kasperbauer et al.
1970; Courbier et al. 2020; Zou et al. 2023). This means an as-
similate shortage nearby the flowers is unlikely. However, it
remains doubtful how much of the available assimilates
were transported into the flowers.

The sucrose accumulation in flowers and fruits reflects the
balance between sucrose import and consumption. Sucrose
can be stored directly or turned into hexoses through cleav-
age, serving the synthesis of cell wall constituents, proteins,
lipids, fructans, and starch (Patrick et al. 2013). FR led to a
higher level of glucose, fructose, and starch in flowers at an-
thesis, but a substantially lower sucrose level (Fig. 6). This sug-
gests that the rate of sucrose import is probably slower than
sucrose cleavage. Under additional FR, the higher level of
hexoses in flowers could result from a slower metabolism
where less hexoses were used for building up the structural
biomass, which corresponded to the smaller fruits on day 7
after anthesis (Supplementary Fig. S9).

Sucrose, as the main mobile photosynthetic product, can
determine the fate of flowers (Aloni et al. 1997), either as
an energy source, or as a signal related to its level, its flux,
or its ratio with other sugars (Eveland and Jackson 2012).
Ruan et al. (2012) suggested a model that phloem-imported
sucrose serves as a primary signal sensed by invertases that
generates glucose to repress the programmed cell death
and to promote cell division of fruit tissues, thereby allowing
seed and fruit set to proceed. Feeding sucrose can reduce the
abortion rate, which is probably related to the enhanced ac-
tivity of SuSy and invertases in pepper flowers (Aloni et al.
1997). SuSy and invertases (especially CWI in pedicels and
soluble invertases in nucellar tissues) are two important su-
crose cleavage enzymes to regulate sucrose import (Wang
et al. 1993; Li et al. 2012), which will further influence carbon
partitioning, cell differentiation and development (Sturm
and Tang 1999). CWI seem to have a more important role
than SuSy in unloading sucrose at the early stages of tomato
fruit set and development (Li et al. 2012; Liu et al. 2016). This
may explain the relatively low activity of SuSy in our samples,
which was not influenced by additional FR. Under additional
FR, the lower activity of soluble Als and CWI associated well
with the lower sucrose accumulation in flowers.

In terms of the activity of sucrose cleavage enzymes, the
impact of additional FR on apices was much less compared
to flowers. Similarly, heat stress or the presence of a competi-
tor fruit had a much smaller impact on the Al activity in
young leaves of pepper than that in pepper flowers (Aloni
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et al. 1991). The minimum light intensity for a positive daily
sugar accumulation in the sink leaves was much lower than
in flowers (Aloni et al. 1996), suggesting that flowers could be
more susceptible to competition for assimilates than vegeta-
tive sink organs.

The flower and fruit abortion in pepper is controlled by the
balance between auxin and ethylene (Taylor and Whitelaw
2001). The alteration of hormonal status (auxin and ethyl-
ene) by additional FR happened after anthesis, which seems
later than the observed changes in sucrose content. Under
additional FR, flowers at 1 to 3 d after anthesis had a higher
ethylene emission than without FR, which could be a down-
stream response to the low sucrose accumulation. Under
additional FR, the lower IAA level in flowers on day 7 after
anthesis may further lead to a higher sensitivity to ethylene
at the flower abscission zone (Taylor and Whitelaw 2001).
Taken together, we propose that the suggested lower sucrose
import to flowers due to a potentially stronger competition
for assimilates under additional FR, may serve as the initial
trigger for the downstream responses in hormonal status, re-
sulting in a higher flower and fruit abortion.

Conclusions

Additional FR-enhanced apical dominance stimulates fruit
abortion in sweet pepper plants. The FR-stimulated flower
and fruit abortion is not mediated by the enhanced compe-
tition for basipetal auxin stream, but we speculate it to be
due to enhanced competition for assimilates between shoot
apices and flowers, which still requires further investigation.
Under additional FR, the lower sucrose accumulation along
with lower invertase activities in flowers could serve as a sig-
nal to trigger alterations in hormones and cause flower and
fruit abortion (abscission).

Materials and methods

Plant materials and growth conditions

Seeds of sweet pepper (C. annuum L. cv. “Gialte”) were pro-
vided by Enza Zaden (Enkhuizen, the Netherlands). Unless
mentioned otherwise, seeds were sown in potting mix soil
(Lensli, Bleiswijk, the Netherlands). One week after germin-
ation, seedlings were transplanted in stonewool cubes
(Grodan, Roermond, the Netherlands) and cultivated in a
glasshouse for around 6 wk before each experiment started.
Plants were irrigated with ebb and flow system with nutrient
solution (Supplementary Table S1).

Unless mentioned otherwise, in the first week of each ex-
periment, plants were transplanted onto stonewool slabs
with a drip system in a climate room and were exposed to
acclimation light without additional FR (Table 1). In the cli-
mate room, the temperature was controlled at 22/18 °C
(day/night), the humidity was 70%, and no CO, enrichment
was applied. The plants were irrigated four times a day with
the same nutrient solution.
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Pepper plants follow a dichotomous branching, where
every apex ends in a flower and two new apices, which
turn into two branches, so-called “splitting”. Unless men-
tioned otherwise, plants were pruned to four main stems,
with the weaker shoots out of two twin shoots stopped at
one leaf. Other than splitting shoots, all the other shoots
emerging from the axil of a leaf were considered as lateral
shoots.

To limit the interaction between fruits of different ages,
each plant was pruned to have only 8 to 12 flowers retained.
The shoots were pruned when longer than 3 cm, and the
flower buds when the petals were visible, which was usually
3 to 5d before their anthesis (flower opening). In pepper,
pollination normally occurs by self-pollination; in line with
the commercial production of sweet pepper, no measure
was taken to stimulate pollination.

Light treatments

In all experiments, 6-wk-old plants were cultivated under
two light conditions: with or without additional FR. The light
was provided by light-emitting diodes (LEDs; Table 1;
Supplementary Fig. S14). For each experiment, light intensity
at the top of the plants was maintained constant during the
experiment by adjusting the height of the lamps weekly. We
used spectroradiometers (type SS-110, Apogee Instruments,
Inc) for all the irradiance measurements.

The susceptible period of abortion in sweet peppers is be-
tween 1 wk before anthesis and 2 wk after anthesis (reviewed
in Wubs et al. 2009). All the light treatments started at least
1 wk before the first anthesis and ended at least 2 wk after
the last retained flower reached anthesis. Flower abortion
in this study was defined as the abortion before anthesis,
while fruit abortion as the abortion after anthesis.

Vegetative growth experiment

The climate room was separated into four compartments
with white plastic sheets. Two replicates of two light condi-
tions “—FR” and “+FR” were randomized over four compart-
ments. Light treatments started when the first flower bud
was visible and lasted for 23 d. There were 12 plants in
each compartment resulting in a planting density of
11.5 plants m ™ All flowers were removed before the petals
appeared. The shoots of plants were not pruned and were al-
lowed to grow and branch freely. The internodes were la-
beled from bottom to top (Fig. 1A). Six plants per
compartment were used for final morphological measure-
ments. Plant tissues on the other six plants per compartment
were collected for further analysis.

Decapitation experiment

The experiment was conducted in a glasshouse with black-
out screens, which blocked almost all light from outside dur-
ing the experiment. The experiment was conducted from
Feb 5 to March 26, 2020, at Wageningen, Netherlands
(51°N, 5°E). The glasshouse was divided into six compart-
ments by white plastic sheets, where three replicates of
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Table 1. Light conditions in various experiments

Chen et al.

Experiments Light treatments

Composition of PAR (%)

PPFD FR PSS Day length (h)

(umol m™2s7") (umol m™2s71)

Blue Green Red
Vegetative growth EXP; —FR* 19 43 38 1922 +23 41+0.1 0.86 16
NPA EXP +FR 1952 +£82 64.4 + 4.1 0.69
Decapitation EXP —FR* 6 18 76 1381+29 1.0+£02 0.88 12
+FR 1385+ 3.8 520+ 1.4 0.78
NAA EXP; —FR 10 0 90 1224+ 1.4 0.7+0.2 0.88 14
Yucasin EXP +FR 1249 +2.1 562+ 1.8 0.78

See Supplementary Fig. $14 for Light spectra. PAR indicates photosynthetic active radiation (400 to 700 nm), where 400 to 500 nm was considered as blue light, 500 to 600 nm as
green light, and 600 to 700 nm as red light. PPFD stands for photosynthetic photon flux density within the range of PAR. Light in the range of 700 to 800 nm was considered as FR.
PSS = phytochrome photostationary state (calculated based on Sager et al. 1988). The light intensity was expressed as the mean =+ so of the mean, where the standard error was

based on the variance between statistical replicates (plots) for each light treatment.

*This light treatment also served as the acclimation light in the first week of the experiment. The light spectrum and intensity of acclimation light for NAA and yucasin experiment
can be found in Supplementary Fig. S14. Photoperiod of acclimation light was the same as the light treatments in the respective experiment.

two light conditions “—FR” and “+FR” were distributed
over these compartments randomly. The light treatments
started around 1wk before the first anthesis and lasted
for 44 d.

Adult plants rooted in rockwool cubes were provided by
Beekenkamp (Maasdijk, the Netherlands). These plants
were transplanted on top of the potting soil in 2.5 L plastic
pots, mixed with around 10g slow-release fertilizer
(Osmocote Exact Standard 8 to 9m, ICL Specialty
Fertilizers, Waardenburg, the Netherlands). Daily irrigation
with tap water was done manually. There were 16 plants in
each compartment resulting in a planting density of
9.5 plants m 2 Plants were maintained to have four main
stems carrying eight flowers (Fig. 2A). The lateral shoots
and extra flowers were pruned weekly. Half of the plants
per compartment were decapitated when the higher layer
of flowers reached anthesis. Decapitated plants were elevated
to have their canopy surface at the same height as nondeca-
pitated plants. Plants were rotated weekly within one com-
partment. All 16 plants per compartment were used for
final morphological measurements.

NPA experiment

The experiment had the same setup as the vegetative growth
experiment. Plants were maintained to have four main stems
carrying 12 flowers (Fig. 3A). Light treatments started around
2 wk before the first anthesis and lasted for 52 d. In each
compartment, we divided plants into two subplots, six plants
were treated with NPA mixed with lanolin, and the other six
were treated with sole lanolin. NPA was dissolved in 2 mL
DMSO (dimethyl sulfoxide), and then the solution was added
to 100 g warm lanolin to reach a final concentration of 0.5%
(w/w) NPA. In the control treatment, 2 mL DMSO was added
to 100 g warm lanolin. Control and NPA treatment were ap-
plied as a complete ring of lanolin paste on the second inter-
node above the higher layer of flowers to prevent chemicals
from directly contacting flowers (Fig. 3A). Chemicals were
applied on all four main stems of each plant when most of
the flowers reached anthesis (day 26 after light treatments).
On day 52 since light treatments, final morphological

measurements were conducted on all plants, and plant tis-
sues were collected at the same time for further analysis.

NAA experiment

The experiment was conducted in a climate room, which was
separated into eight compartments with white plastic sheets.
There were six plants per compartment resulting in a plant-
ing density of 5.5 plants m 2. Plants were maintained to have
four main stems carrying eight flowers (Fig. 4A). Two repli-
cates of four treatments were distributed randomly over
these eight compartments: plants were (1) grown without
additional FR (—FR); (2) grown with additional FR (+FR);
(3) grown under “+FR” and decapitated at first anthesis;
(4) grown under “+FR”, decapitated at first anthesis, and
NAA applied immediately after decapitation. NAA was dis-
solved in 2 mL 96% (v/v) ethanol first, then mixed with
50 g warm lanolin to reach a final concentration of 1%
(w/w) NAA. In the third treatment, plants were applied
with sole lanolin (with 2 mL ethanol mixed in 50 g lanolin).
Lanolin paste with or without NAA was applied as a thick
layer on the cutting surface after decapitation. The applica-
tion was renewed once a week for 3 wk. Light treatments
started around 2 wk before the first anthesis and lasted for
53 d until final measurements and collection of plant tissues.

Yucasin experiment

This experiment had the same setup as the NAA experiment.
Plants were maintained to have four main stems carrying
eight flowers (Fig. 5A). Two light conditions “—FR” and
“+FR” with four replicates were randomized over eight com-
partments. In each compartment (replicate), we divided
plants into two subplots, three plants were sprayed with yu-
casin solution, and the other three plants were sprayed with
only the solvent. Yucasin was dissolved in 5 mL DMSO, then
the solution was added to 100 mL distilled water to reach a
final yucasin concentration of 50 mm for the first application,
and a concentration of 25 mm for the second to fourth appli-
cation. The chemical treatment was sprayed evenly on the
apices every week, until the apices were fully covered by a
thin layer of solution. While spraying, a paper cone was
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placed below the application area, to prevent contact be-
tween the solution and the flowers (Fig. 5A). On day 46 after
light treatments, final morphological measurements and
plant tissues collection were performed.

Morphological observations and measurements
Anthesis, flower and fruit abortion were observed weekly.
The reproductive organ abortion in our experiments hap-
pened mostly (>90%) 1 wk after anthesis, which was, there-
fore, considered as mainly fruit abortion. Lateral shoots were
counted when they had a stem longer than 0.2 cm and one
leaf longer than 1.5 cm. At the start and end of each experi-
ment, plant height was recorded from the surface of the sub-
strate to the highest visible nodes. Only leaves longer than
3 cm were counted and used to determine leaf area. The
dry weight of stems, leaves, and lateral shoots was deter-
mined after drying in a ventilated oven for 24 h at 105 °C,
while fruits were dried for 72 h. Fruits with a diameter larger
than 2 cm were cut open to count the number of seeds.

Collection of plant tissues

Apex samples of 1 cm were collected with a sharp knife as the
apical meristems with surrounding young flower buds and
leaves. Flowers were collected including pedicels. Leaves
were sampled with a puncher with a diameter of 1.5 cm,
where five leaf discs at random spots per leaf were collected.
Four leaves from the four main stems of each plant were used
for sampling. Samples were placed in liquid nitrogen imme-
diately after collection and stored in a —80 °C freezer.
Frozen samples were ground into fine powder with a ball
mill (Mixer Mill, Retsch) for further analysis.

To determine the carbohydrate level in different plant tis-
sues, a new batch of plants was cultivated in the same light
conditions as for the yucasin experiment. Four flowers
were kept per plant with one flower per main stem. From
these plants, 1 cm apices, flowers, 1 cm nodes where the
flowers were attached, leaf discs of adjacent leaves to the
flowers, and leaf discs of topmost mature leaves were col-
lected. Samples were collected at the end of the light period
+0.5 h, as at this part of the day the highest levels of carbo-
hydrates are expected, which could allow for a better distinc-
tion between treatments. Plants were harvested at three
stages regarding flowers: 7 d before anthesis; at anthesis
(when flower petals just opened), and 7 d after anthesis
(Supplementary Fig. S15). Flowers from spare plants were
used for pollen viability test and pollen quantification as de-
scribed in Supplementary Fig. S12.

IAA extraction and quantification

To measure the concentration of free auxin (IAA), 1 mL
MeOH containing labelled auxin ("3C4IAA, final concentra-
tion 100 pmol) was added to each ground sample (~20 mg
fresh weight). Afterwards, the samples were sonicated for
10 s and placed on an orbital shaker in darkness at 4 °C over-
night. The samples were then centrifuged at 10,000 rpm for
10 min at 4 °C. Auxin was extracted from the supernatant
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by Solid Phase Extraction cartridges (amino) as previously de-
scribed (Ruyter-Spira et al. 2011), and the auxin concentra-
tion was determined by MRM-UPLC-MS/MS analysis as
previously described (Schiessl et al. 2019; Giihl et al. 2021).
The quantification method for ABA, ACC, SA, JA, and cytoki-
nins is described in Supplementary Fig. S7; and the quantifi-
cation of ethylene emission is described in Supplementary
Fig. S11.

Carbohydrates extraction and quantification

The soluble sugars and starch were extracted from around
15 mg freeze-dried tissue powder as described by Min et al.
(2021), using the same equipment with minor modifications.
After mixing with 5 mL 80% ethanol (v/v), samples were vor-
texed thoroughly and shaken in an 80 °C water bath for
20 min, followed by a vortex again. After extraction, samples
were centrifuged at 8,500 rcf at 4 °C for 5, and 1 mL super-
natant was vacuum dried (Savant SpeedVac SPD2010,
Thermo Fisher Inc.). Then 1 mL Milli-Q water was added to
dissolve the carbohydrates with an ultrasonic bath (Branson
2200, Branson Ultrasonics) for 10 min at room temperature.
Then the solutions were centrifuged at 21,300 rcf at 4 °C for
10 min. The samples from flowers were diluted 10 times, while
the other samples were diluted five times with Milli-Q water
for quantification of glucose, fructose, and sucrose.

The remaining pellet after extraction was washed three times
with 80% ethanol, and vacuum dried. Then 2 mL alpha-amylase
solution (1 mg/mL) was added, followed by shaking in a
90 °C water bath for 30 min. Then 1 mL amyloglucosidase
(0.5 mg/mL in 50 mm citrate buffer, pH 4.6) was added, followed
by shaking in a 60 °C water bath for 10 min. Afterwards, samples
were centrifuged at 8,500 rcf at 4 °C for 5 min. The supernatant
was centrifuged at 21,300 rcf for 15 min (4 °C). The solution
from stems and flowers was diluted 10 times, while that from
the other samples was diluted 20 times with Milli-Q water for
quantification of glucose (for starch quantification).

Soluble sugars were eluted with 45 mm NaOH, and starch-
derived glucose was eluted with 100 mm NaOH + 25 mm
NaOAc at a flow rate of 0.25 mL min~", which were both quan-
tified with a high-performance anion exchange chromatography
with pulsed amperometric detection (HPAEC-PAD; Dionex
ICS-5000, Thermo Fisher Scientific), equipped with a Dionex
CarboPac PA1 column (2 X 250 mm; Thermo Fisher Scientific).

Enzyme assay

The methods to determine the activity of invertases and SuSys
were adapted from Aloni et al. (1991, 1996). Finely ground
samples (around 100 mg fresh weight) were homogenized in
1.5 mL ice-cold extraction buffer (pH 7.2) containing: 25 mm
HEPES  (N-2-hydroxyethylpiperazine-N-2-ethane  sulfonic
acid), 5 mm MgCl,, 0.5 mm Na,EDTA (ethylenediaminetetraa-
cetic acid disodium salt), 2 mm DDT (DL-dithiothreitol),
3 mm DIDCA (diethyldithiocarbamic acid), 1% (w/v) PVP
(polyvinylpyrrolidone), and 0.1% (v/v) Triton X-100. The mix-
ture was centrifuged at 21,300 rcf for 20 min at 4 °C. The
supernatant was collected; and the pellet was resuspended
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in 0.3 mL of the extraction buffer, after being washed twice
with the same buffer. Bradford protein assay was performed
with the supernatant for protein content quantification,
with bovine serum albumin as standard solutions.

Aliquots of 50 L of the supernatant or the suspended pel-
let were incubated in 500 yL 0.1 N phosphate citrate buffer
(pH 5.0) with 20 mwm sucrose, to determine the activity of sol-
uble Al or insoluble cell wall invertase, respectively. Aliquots
of 50 pL of the supernatant were incubated in 500 yL 0.1 N
phosphate citrate buffer (pH 7.5) with 20 mm sucrose, to de-
termine the activity of soluble NI. The activity of SuSy was de-
termined as sucrose breakdown where aliquots of 50 yL were
incubated in 0.1 N phosphate citrate buffer (pH 7.0) with
200 mm sucrose and 5 mm UDP. The additional fructose pro-
duced at pH 7.0 in the presence of 5 mm UDP compared to
reactions without UDP, was attributed to SuSy activity.
Boiled enzymes were used as the blank for each reaction.

The incubation was carried out for 60 min at 37 °C and ter-
minated by adding 500 pL dinitrosalicylic acid reagent. After
boiling for 15 min, 200 uL 40% (w/v) Rochelle salt (dissolved
in Milli-Q water) was added. After cooling, the resulting redu-
cing sugars were determined colorimetrically at 540 nm. The
samples for cell wall Al were centrifuged at 21,300 rcf shortly
before the colorimetric determination.

Statistical analysis

Data that had been assessed on several plants per plot were
first averaged to give one value per plot. The number of plots
for each treatment is the number of replicates (n). One way
ANOVA was carried out on the data of the vegetative growth
experiment (n=2) and the NAA experiment (n=2).
ANOVA with split plot design was carried out for the decapi-
tation experiment (n = 3), the NPA experiment (n = 2), the
yucasin experiment (n = 4), and the data for sugar determin-
ation and enzyme assay (n = 4). In all analyses, the critical le-
vel of significance was a= 0.1 instead of the common a=0.05
motivated by the limited degrees of freedom for the residual.
Homogeneity of variances was assumed and could not be
tested because of the low number of replicates. Fisher’s un-
protected least significant difference (LSD) test at P =0.1
was used for mean separation: unprotected since mean sep-
aration for interaction averages was also conducted when the
F-test showed no significant interaction effect.

Supplementary data

The following materials are available in the online version of
this article.

Supplementary Figure S1. Sweet pepper plants in the
vegetative growth experiment.

Supplementary Figure S2. The length of stem and inter-
nodes of sweet pepper plants grown with or without add-
itional FR.

Supplementary Figure S3. Outgrowth of lateral buds in
various experiments.

Supplementary Figure S4. Plant height in various experiments.
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Supplementary Figure S5. Plant total aboveground dry
weight, and the partitioning of dry weight to stem, leaf,
and fruit in various experiments.

Supplementary Figure S6. The pedicel length of flowers
and young fruits at the end of decapitation experiment.

Supplementary Figure S7. Hormonal profiles of flowers
before anthesis, at anthesis, and after anthesis.

Supplementary Figure S8. Effect of additional FR on total
soluble sugar (TSS) and nonstructural carbohydrates (NSC)
based on results in Fig. 6.

Supplementary Figure S9. The sample size of flower
(young fruit) on day 7 after anthesis, for enzyme assay, carbo-
hydrate analysis, and hormonal analysis.

Supplementary Figure $10. Protein content of flowers
and apex samples used in Fig. 7.

Supplementary Figure S11. Ethylene emission rate of
flowers and leaves grown with or without FR.

Supplementary Figure S12. Effect of additional FR on pol-
len number and pollen viability of sweet pepper flowers.

Supplementary Figure S$13. Seed number of all available
fruits (when fruit width >2 cm) in various experiments.

Supplementary Figure S14. Light spectra used in various
experiments.

Supplementary Figure S15. Three developmental stages
of flowers collected for carbohydrate and hormone analysis.

Supplementary Table S1. Nutrient solution recipe.

Acknowledgments

We would like to thank Theoharis Ouzounis, and Sebastian
Olschowski from Fluence for their interest and discussions. We
appreciate help from Mailun Wang, Zhiming Liu, and Liuyinan
Yin for measurements in the climate rooms; Maxence Paillart,
Amber van Seters, Kerstin Guihl, and Arjen van de Peppel for as-
sisting with the lab analyses; Gerrit Stunnenberg, Taede Stoker,
David Brink, Jannick Verstegen, and Maarten Peters for their
technical support for crop cultivation.

Author contributions

S.C, EH, LM, and R.O. designed the research. S.C. conducted
experiments in climate rooms and performed plant tissue
sampling. EH. supervised the study. W.K. conducted hor-
mone measurements and supported their interpretation.
S.C. analyzed the data. S.C. interpreted the findings with in-
put from EH, LM, and RO. LM. secured funding. S.C.
drafted the manuscript and all co-authors made substantial
contributions to improve the manuscript. All authors con-
tributed to the article and approved the submitted version.

Funding

The project was funded by China Scholarship Council
(CSC)(No. 201907720059) and Fluence (Austin, TX, USA).

Conflict of interest statement. None declared.

202 UOIBI\ L.Z UO J9SN Jia)isIaAlunmnogpueT Jop yaaulolaig Aq 100609./8809ey/sAyd|d/€60 L 01 /10p/o[iMe-ouBApE/SAYdd/WO0o"dNoolWapED.//:Sd)lY WO papeojumod


http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiae088#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiae088#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiae088#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiae088#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiae088#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiae088#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiae088#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiae088#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiae088#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiae088#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiae088#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiae088#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiae088#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiae088#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiae088#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiae088#supplementary-data

Fruit abortion by FR-enhanced apical dominance

Data availability

The data underlying this article are available in the article and
in its online supplementary material.

References

Aloni B, Karni L, Zaidman Z, Schaffer AA. Changes of carbohydrates
in pepper (Capsicum annuum L.) flowers in relation to their abscis-
sion under different shading regimes. Ann Bot. 1996:78(2):163-168.
https://doi.org/10.1006/anbo.1996.0109

Aloni B, Karni L, Zaidman Z, Schaffer AA. The relationship between
sucrose supply, sucrose-cleaving enzymes and flower abortion in
pepper. Ann Bot. 1997:79(6):601-605. https://doi.org/10.1006/anbo.
1996.0410

Aloni B, Pashkar T, Karni L. Partitioning of [MC] sucrose and acid in-
vertase activity in reproductive organs of pepper plants in relation to
their abscission under heat stress. Ann Bot. 1991:67(5):371-377.
https://doi.org/10.1093/oxfordjournals.aob.a088170

Bangerth F. Dominance among fruits/sinks and the search for a cor-
relative signal. Physiol Plant. 1989:76(4):608-614. https://doi.org/10.
1111/j.1399-3054.1989.tb05487.x

Bangerth F. Abscission and thinning of young fruit and their regulation
by plant hormones and bioregulators. Plant Growth Regul.
2000:31(1/2):43-59. https://doi.org/10.1023/A:1006398513703

Barbier F, Péron T, Lecerf M, Perez-Garcia M, Barriére Q, Rol¢ik J,
Boutet-Mercey S, Citerne S, Lemoine R, Porcheron B, et al.
Sucrose is an early modulator of the key hormonal mechanisms con-
trolling bud outgrowth in Rosa hybrida. ] Exp Biol. 2015:66:
2569-2582. https://doi.org/10.1093/jxb/erv047

Beveridge CA, Rameau C, Wijerathna-Yapa A. Lessons from a century
of apical dominance research. ] Exp Bot. 2023:74(14):3903-3922.
https://doi.org/10.1093/jxb/erad 137

Botton A, Eccher G, Forcato C, Ferrarini A, Begheldo M, Zermiani M,
Moscatello S, Battistelli A, Velasco R, Ruperti B, et al. Signaling
pathways mediating the induction of apple fruitlet abscission. Plant
Physiol. 2011:155(1):185-208. https://doi.org/10.1104/pp.110.165779

Brewer PB, Dun EA, Gui R, Mason MG, Beveridge CA. Strigolactone
inhibition of branching independent of polar auxin transport. Plant
Physiol. 2015:168(4):1820—-1829. https://doi.org/10.1104/pp.15.00014

Cao D, Chabikwa T, Barbier F, Dun EA, Fichtner F, Dong L, Kerr SC,
Beveridge CA. Auxin-independent effects of apical dominance in-
duce changes in phytohormones correlated with bud outgrowth.
Plant Physiol. 2023:192(2):1420-1434. https://doi.org/10.1093/
plphys/kiad034

Chatfield SP, Stirnberg P, Forde BG, Leyser O. The hormonal regula-
tion of axillary bud growth in Arabidopsis. Plant J. 2000:24(2):
159-169. https://doi.org/10.1046/j.1365-313x.2000.00862.x

Chen S, Marcelis LF, Heuvelink E. Far-red radiation increases flower and
fruit abortion in sweet pepper (Capsicum annuum L.). Sci Hortic.
2022:305:111386. https://doi.org/10.1016/j.scienta.2022.111386

Courbier S, Grevink S, Sluijs E, Bonhomme PO, Kajala K, Van Wees
SC, Pierik R. Far-red light promotes Botrytis cinerea disease develop-
ment in tomato leaves via jasmonate-dependent modulation of sol-
uble sugars. Plant Cell Environ. 2020:43(11):2769-2781. https://doi.
org/10.1111/pce.13870

Demotes-Mainard S, Péron T, Corot A, Bertheloot J, Le Gourrierec ),
Pelleschi-Travier S, Crespel L, Morel P, Huché-Thélier L, Boumaza
R, et al. Plant responses to red and far-red lights, applications in
horticulture. Environ Exp Bot. 2016:121:4-21. https://doi.org/10.
1016/j.envexpbot.2015.05.010

Domagalska MA, Leyser O. Signal integration in the control of shoot
branching. Nat Rev Mol Cell Biol. 2011:12(4):211-221. https://doi.
org/10.1038/nrm3088

Else MA, Stankiewicz-Davies AP, Crisp CM, Atkinson C). The role of
polar auxin transport through pedicels of Prunus avium L. in relation

PLANT PHYSIOLOGY 2024: 00; 1-16 | 15

to fruit development and retention. ] Exp Bot. 2004:55(405):
2099-2109. https://doi.org/10.1093/jxb/erh208

Eveland AL, Jackson DP. Sugars, signalling, and plant development. )
Exp Bot. 2012:63(9):3367-3377. https://doi.org/10.1093/jxb/err379

Giihl K, Holmer R, Xiao TT, Shen D, Wardhani TA, Geurts R, van Zeijl
A, Kohlen W. The effect of exogenous nitrate on LCO signalling, cyto-
kinin accumulation, and nodule initiation in Medicago truncatula.
Genes (Basel). 2021:12(7):988. https://doi.org/10.3390/genes12070988

Ji Y, Ouzounis T, Courbier S, Kaiser E, Nguyen PT, Schouten HJ,
Visser RGF, Pierik R, Marcelis LFM, Heuvelink E. Far-red radiation
increases dry mass partitioning to fruits but reduces Botrytis cinerea
resistance in tomato. Environ Exp Bot. 2019:168:103889. https://doi.
org/10.1016/j.envexpbot.2019.103889

Kalaitzoglou P, Van leperen W, Harbinson J, Van der Meer M,
Martinakos S, Weerheim K, Nicole CCS, Marcelis LF. Effects of con-
tinuous or end-of-day far-red light on tomato plant growth, morph-
ology, light absorption, and fruit production. Front Plant Sci. 2019:10:
322. https://doi.org/10.3389/fpls.2019.00322

Kasperbauer M), Tso TC, Sorokin TP. Effects of end-of-day red and
far-red radiation on free sugars, organic acids and amino acids of to-
bacco. Phytochemistry. 1970:9(10):2091-2095. https://doi.org/10.
1016/S0031-9422(00)85372-8

Kotov AA, Kotova LM, Romanov GA. Signaling network regulating
plant branching: recent advances and new challenges. Plant Sci.
2021:307:110880. https://doi.org/10.1016/j.plantsci.2021.110880

Kiipers }JJ, Oskam L, Pierik R. Photoreceptors regulate plant develop-
mental plasticity through auxin. Plants. 2020:9(8):940. https://doi.
org/10.3390/plants9080940

Leduc N, Roman H, Barbier F, Péron T, Huché-Thélier L, Lothier },
Demotes-Mainard S, Sakr S. Light signaling in bud outgrowth and
branching in plants. Plants. 2014:3(2):223-250. https://doi.org/10.
3390/plants3020223

Li C), Guevara E, Herrera J, Bangerth F. Effect of apex excision and re-
placement by 1-naphthylacetic acid on cytokinin concentration and
apical dominance in pea plants. Physiol Plant. 1995:94(3):465-469.
https://doi.org/10.1111/j.1399-3054.1995.tb00955.x

Li Z, Palmer WM, Martin AP, Wang R, Rainsford F, Jin Y, Patrick JW,
Yang Y, Ruan YL. High invertase activity in tomato reproductive or-
gans correlates with enhanced sucrose import into, and heat toler-
ance of, young fruit. ] Exp Bot. 2012:63(3):1155-1166. https://doi.
org/10.1093/jxb/err329

Liu YH, Offler CE, Ruan YL. Cell wall invertase promotes fruit set under
heat stress by suppressing ROS-independent cell death. Plant Physiol.
2016:172(1):163-180. https://doi.org/10.1104/pp.16.00959

Marcelis LFM, Baan Hofman-Eijer LR. Effects of seed number on com-
petition and dominance among fruits in Capsicum annuum L. Ann
Bot. 1997:79(6):687-693. https://doi.org/10.1006/anbo.1997.0398

Marcelis LFM, Heuvelink E, Baan Hofman-Eijer LR, Den Bakker ),
Xue LB. Flower and fruit abortion in sweet pepper in relation to
source and sink strength. ] Exp Bot. 2004:55(406):2261-2268.
https://doi.org/10.1093/jxb/erh245

Mason MG, Ross JJ, Babst BA, Wienclaw BN, Beveridge CA. Sugar de-
mand, not auxin, is the initial regulator of apical dominance. Proc
Natl Acad Sci USA. 2014:111(16):6092-6097. https://doi.org/10.
1073/pnas.1322045111

Min Q, Marcelis LF, Nicole CC, Woltering EJ. High light intensity ap-
plied shortly before harvest improves lettuce nutritional quality and
extends the shelf life. Front Plant Sci. 2021:12:615355. https://doi.org/
10.3389/fpls.2021.615355

Morey SR, Hirose T, Hashida Y, Miyao A, Hirochika H, Ohsugi R,
Yamagishi ), Aoki N. Genetic evidence for the role of a rice vacuolar
invertase as a molecular sink strength determinant. Rice. 2018:11(1):
1-13. https://doi.org/10.1186/512284-018-0201-x

Morris DA. Transport of exogenous auxin in two-branched dwarf pea
seedlings (Pisum sativum L.) some implications for polarity and apical
dominance. Planta. 1977:136(1):91-96. https://doi.org/10.1007/
BF00387930

202 UOIBI\ L.Z UO J9SN Jia)isIaAlunmnogpueT Jop yaaulolaig Aq 100609./8809ey/sAyd|d/€60 L 01 /10p/o[iMe-ouBApE/SAYdd/WO0o"dNoolWapED.//:Sd)lY WO papeojumod


https://doi.org/10.1006/anbo.1996.0109
https://doi.org/10.1006/anbo.1996.0410
https://doi.org/10.1006/anbo.1996.0410
https://doi.org/10.1093/oxfordjournals.aob.a088170
https://doi.org/10.1111/j.1399-3054.1989.tb05487.x
https://doi.org/10.1111/j.1399-3054.1989.tb05487.x
https://doi.org/10.1023/A:1006398513703
https://doi.org/10.1093/jxb/erv047
https://doi.org/10.1093/jxb/erad137
https://doi.org/10.1104/pp.110.165779
https://doi.org/10.1104/pp.15.00014
https://doi.org/10.1093/plphys/kiad034
https://doi.org/10.1093/plphys/kiad034
https://doi.org/10.1046/j.1365-313x.2000.00862.x
https://doi.org/10.1016/j.scienta.2022.111386
https://doi.org/10.1111/pce.13870
https://doi.org/10.1111/pce.13870
https://doi.org/10.1016/j.envexpbot.2015.05.010
https://doi.org/10.1016/j.envexpbot.2015.05.010
https://doi.org/10.1038/nrm3088
https://doi.org/10.1038/nrm3088
https://doi.org/10.1093/jxb/erh208
https://doi.org/10.1093/jxb/err379
https://doi.org/10.3390/genes12070988
https://doi.org/10.1016/j.envexpbot.2019.103889
https://doi.org/10.1016/j.envexpbot.2019.103889
https://doi.org/10.3389/fpls.2019.00322
https://doi.org/10.1016/S0031-9422(00)85372-8
https://doi.org/10.1016/S0031-9422(00)85372-8
https://doi.org/10.1016/j.plantsci.2021.110880
https://doi.org/10.3390/plants9080940
https://doi.org/10.3390/plants9080940
https://doi.org/10.3390/plants3020223
https://doi.org/10.3390/plants3020223
https://doi.org/10.1111/j.1399-3054.1995.tb00955.x
https://doi.org/10.1093/jxb/err329
https://doi.org/10.1093/jxb/err329
https://doi.org/10.1104/pp.16.00959
https://doi.org/10.1006/anbo.1997.0398
https://doi.org/10.1093/jxb/erh245
https://doi.org/10.1073/pnas.1322045111
https://doi.org/10.1073/pnas.1322045111
https://doi.org/10.3389/fpls.2021.615355
https://doi.org/10.3389/fpls.2021.615355
https://doi.org/10.1186/s12284-018-0201-x
https://doi.org/10.1007/BF00387930
https://doi.org/10.1007/BF00387930

16 | PLANT PHYSIOLOGY 2024: 00; 1-16

Morris DA, Arthur ED. Auxin-induced assimilate translocation in the
bean stem (Phaseolus vulgaris L.). Plant Growth Regul. 1987:5(3):
169-181. https://doi.org/10.1007/BF00024693

Morris SE, Cox MC, Ross J), Krisantini S, Beveridge CA. Auxin dynam-
ics after decapitation are not correlated with the initial growth of ax-
illary buds. Plant Physiol. 2005:138(3):1665-1672. https://doi.org/10.
1104/pp.104.058743

Nakajima E, Hasegawa K, Yamada K, Kosemura S, Yamamura S.
Effects of the auxin-inhibiting substances raphanusanin and benzox-
azolinone on apical dominance of pea seedlings. Plant Growth Regul.
2001:35(1):11-15. https://doi.org/10.1023/A:1013856400351

Nishimura T, Hayashi KI, Suzuki H, Gyohda A, Takaoka C, Sakaguchi
Y, Matsumoto S, Kasahara H, Sakai T, Kato }, et al. Yucasin is a po-
tent inhibitor of YUCCA, a key enzyme in auxin biosynthesis. Plant J.
2014:77(3):352-366. https://doi.org/10.1111/tpj.12399

Patrick JW, Steains KH. Auxin-promoted transport of metabolites in
stems of Phaseolus vulgaris L.: auxin dose-response curves and effects
of inhibitors of polar auxin transport. ) Exp Bot. 1987:38(2):203-210.
https://doi.org/10.1093/jxb/38.2.203

Patrick JW, Botha FC, Birch RG. Metabolic engineering of sugars and
simple sugar derivatives in plants. Plant Biotechnol J. 2013:11(2):
142-156. https://doi.org/10.1111/pbi.12002

Prusinkiewicz P, Crawford S, Smith RS, Ljung K, Bennett T, Ongaro
V, Leyser O. Control of bud activation by an auxin transport switch.
Proc Natl Acad Sci USA. 2009:106(41):17431-17436. https://doi.org/
10.1073/pnas.0906696106

Rodrigo M), Garcia-Martinez JL. Hormonal control of parthenocarpic
ovary growth by the apical shoot in pea. Plant Physiol. 1998:116(2):
511-518. https://doi.org/10.1104/pp.116.2.511

Ruan YL, Patrick JW, Bouzayen M, Osorio S, Fernie AR. Molecular
regulation of seed and fruit set. Trends Plant Sci. 2012:17(11):
656-665. https://doi.org/10.1016/j.tplants.2012.06.005

Ruyter-Spira C, Kohlen W, Charnikhova T, van Zeijl A, van
Bezouwen L, de Ruijter N, Cardoso C, Antonio Lopez-Raez },
Matusova R, Bours R, et al. Physiological effects of the synthetic stri-
golactone analog GR24 on root system architecture in Arabidopsis:
another belowground role for strigolactones?. Plant Physiol.
2011:155(2):721-734. https://doi.org/10.1104/pp.110.166645

Sager JC, Smith WO, Edwards JL, Cyr KL. Photosynthetic efficiency
and phytochrome photoequilibria determination using spectral
data. Trans ASAE. 1988:31(6):1882-1889. https://doi.org/10.13031/
2013.30952

Salam BB, Barbier F, Danieli R, Teper-Bamnolker P, Ziv C, Spichal L,
Aruchamy K, Shnaider Y, Leibman D, Shaya F, et al. Sucrose pro-
motes stem branching through cytokinin. Plant Physiol. 2021:185(4):
1708-1721. https://doi.org/10.1093/plphys/kiab003

Schiessl K, Lilley JL, Lee T, Tamvakis I, Kohlen W, Bailey PC, Thomas
A, Luptak J, Ramakrishnan K, Carpenter MD, et al. NODULE
INCEPTION recruits the lateral root developmental program for
symbiotic nodule organogenesis in Medicago truncatula. Curr Biol.
2019:29(21):3657-3668. https://doi.org/10.1016/j.cub.2019.09.005

Chen et al.

Schneider A, Godin C, Boudon F, Demotes-Mainard S, Sakr S,
Bertheloot ). Light regulation of axillary bud outgrowth along plant
axes: an overview of the roles of sugars and hormones. Front Plant Sci.
2019:10:1296. https://doi.org/10.3389/fpls.2019.01296

Serrani JC, Carrera E, Ruiz-Rivero O, Gallego-Giraldo L, Peres LEP,
Garcia-Martinez JL. Inhibition of auxin transport from the ovary
or from the apical shoot induces parthenocarpic fruit-set in tomato
mediated by gibberellins. Plant Physiol. 2010:153(2):851-862. https://
doi.org/10.1104/pp.110.155424

Song X, Gu X, Chen S, Qi Z, Yu J, Zhou Y, Xia X. Far-red light inhibits
lateral bud growth mainly through enhancing apical dominance in-
dependently of strigolactone synthesis in tomato. Plant Cell
Environ. 2023:47(2):429-441. https://doi.org/10.1111/pce.14758

Sturm A, Tang GQ. The sucrose-cleaving enzymes of plants are crucial
for development, growth and carbon partitioning. Trends Plant Sci.
1999:4(10):401-407. https://doi.org/10.1016/S1360-1385(99)01470-3

Taylor JE, Whitelaw CA. Signals in abscission. New Phytol. 2001:151(2):
323-340. https://doi.org/10.1046/j.0028-646x.2001.00194.x

Walker CH, Bennett T. Forbidden fruit: dominance relationships and
the control of shoot architecture. Annual Plant Rev Online.
2018:1(1):217-254. https://doi.org/10.1002/9781119312994.apr0640

Wang F, Sanz A, Brenner ML, Smith A. Sucrose synthase, starch accu-
mulation, and tomato fruit sink strength. Plant Physiol. 1993:101(1):
321-327. https://doi.org/10.1104/pp.101.1.321

Wubs AM, Heuvelink E, Marcelis LFM. Abortion of reproductive or-
gans in sweet pepper (Capsicum annuum L.): a review. ) Horticul
Sci  Biotechnol. 2009:84(5):467-475.  https://doi.org/10.1080/
14620316.2009.11512550

Xia X, Dong H, Yin Y, Song X, Gu X, Sang K, Zhou }, Shi K, Zhou Y,
Foyer CH, et al. Brassinosteroid signaling integrates multiple path-
ways to release apical dominance in tomato. Proc Natl Acad Sci
USA.  2021:118(11):e2004384118.  https://doi.org/10.1073/pnas.
2004384118

Xie RJ, DengL, Jing L, He SL, Ma YT, Yi SL, Zheng YQ, Zheng L. Recent
advances in molecular events of fruit abscission. Biol Plant.
2013:57(2):201-209. https://doi.org/10.1007/s10535-012-0282-0

Zhu H, Dardick CD, Beers EP, Callanhan AM, Xia R, Yuan R.
Transcriptomics of shading-induced and NAA-induced abscission
in apple (Malus domestica) reveals a shared pathway involving re-
duced photosynthesis, alterations in carbohydrate transport and sig-
naling and hormone crosstalk. BMC Plant Biol. 2011:11(1):138.
https://doi.org/10.1186/1471-2229-11-138

Zou ), Fanourakis D, Tsaniklidis G, Woltering EJ, Cheng R, Li T.
Far-red radiation during indoor cultivation reduces lettuce nutra-
ceutical quality and shortens the shelf-life when stored at supra op-
timal temperatures. Postharvest Biol Technol. 2023:198:112269.
https://doi.org/10.1016/j.postharvbio.2023.112269

Zrenner R, Salanoubat M, Willmitzer L, Sonnewald U. Evidence of
the crucial role of sucrose synthase for sink strength using transgenic
potato plants (Solanum tuberosum L.). Plant ). 1995:7(1):97-107.
https://doi.org/10.1046/j.1365-313X.1995.07010097.x

202 UOIBI\ L.Z UO J9SN Jia)isIaAlunmnogpueT Jop yaaulolaig Aq 100609./8809ey/sAyd|d/€60 L 01 /10p/o[iMe-ouBApE/SAYdd/WO0o"dNoolWapED.//:Sd)lY WO papeojumod


https://doi.org/10.1007/BF00024693
https://doi.org/10.1104/pp.104.058743
https://doi.org/10.1104/pp.104.058743
https://doi.org/10.1023/A:1013856400351
https://doi.org/10.1111/tpj.12399
https://doi.org/10.1093/jxb/38.2.203
https://doi.org/10.1111/pbi.12002
https://doi.org/10.1073/pnas.0906696106
https://doi.org/10.1073/pnas.0906696106
https://doi.org/10.1104/pp.116.2.511
https://doi.org/10.1016/j.tplants.2012.06.005
https://doi.org/10.1104/pp.110.166645
https://doi.org/10.13031/2013.30952
https://doi.org/10.13031/2013.30952
https://doi.org/10.1093/plphys/kiab003
https://doi.org/10.1016/j.cub.2019.09.005
https://doi.org/10.3389/fpls.2019.01296
https://doi.org/10.1104/pp.110.155424
https://doi.org/10.1104/pp.110.155424
https://doi.org/10.1111/pce.14758
https://doi.org/10.1016/S1360-1385(99)01470-3
https://doi.org/10.1046/j.0028-646x.2001.00194.x
https://doi.org/10.1002/9781119312994.apr0640
https://doi.org/10.1104/pp.101.1.321
https://doi.org/10.1080/14620316.2009.11512550
https://doi.org/10.1080/14620316.2009.11512550
https://doi.org/10.1073/pnas.2004384118
https://doi.org/10.1073/pnas.2004384118
https://doi.org/10.1007/s10535-012-0282-0
https://doi.org/10.1186/1471-2229-11-138
https://doi.org/10.1016/j.postharvbio.2023.112269
https://doi.org/10.1046/j.1365-313X.1995.07010097.x

	Far-red light-enhanced apical dominance stimulates flower and fruit abortion in sweet pepper
	Introduction
	Results
	FR enhances dominance of the larger apical shoots in pepper
	Apical shoots mediate FR-stimulated fruit abortion
	Auxin transport from the apical shoot is not responsible for the FR-stimulated fruit abortion
	Synthetic auxin NAA application does not promote fruit abortion
	Auxin biosynthesis inhibitor yucasin applied on shoot apices reduces fruit abortion independent of FR
	FR causes a lower sucrose content and lower sucrose cleavage enzyme activities in flowers

	Discussion
	FR causes a stronger apical dominance in pepper
	Basipetal auxin stream is not the reason for FR-stimulated fruit abortion
	Assimilate competition could be the main reason for FR-stimulated fruit abortion

	Conclusions
	Materials and methods
	Plant materials and growth conditions
	Light treatments
	Vegetative growth experiment
	Decapitation experiment
	NPA experiment
	NAA experiment
	Yucasin experiment
	Morphological observations and measurements
	Collection of plant tissues
	IAA extraction and quantification
	Carbohydrates extraction and quantification
	Enzyme assay
	Statistical analysis
	seckiae088-s5

	Supplementary data
	Acknowledgments
	Author contributions
	Funding
	Data availability
	References


