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Abstract

The branching trait is influenced by various environmental signals, including the Red light:Far Red light (R:FR), an indicator
of competition and an inhibitor of axillary bud growth. Branch development is influenced by an array of hormones, includ-
ing auxin which indirectly suppresses bud growth as a consequence of auxin transport and signaling in the main stem. The
suppressive effect of auxin sourced from the shoot apex and transported basipetally is a major mechanism contributing to
apical dominance, a form of correlative inhibition where superior growing points restrict the growth of those lower on the
plant. The current study shows that increased apical dominance is a mechanism that suppresses the branching of plants grown
in a low R:FR. The elevated apical dominance was not due to increased levels of the natural auxin IAA, but was associated
with enhanced expression of auxin-induced genes both in the presence and absence of exogenous auxin. A direct test of bud
sensitivity to auxin confirmed that a low R:FR promoted auxin responsiveness leading to reduced bud growth. Thus, the
low R:FR enhancement of auxin sensitivity is a mechanism that contributes to the reduced branching phenotype of plants
growing in competitive environments.
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Introduction

Plants display enormous diversity in above-ground archi-
tectural traits and variation in axillary branching patterns
effectively generates a spectrum of plant forms. Axillary
meristems formed in leaf axils develop into buds, and the
buds may grow out to form a branch/tiller or remain dor-
mant/semi-dormant. Branching is an important trait that was
often selected for during domestication of major crops and
has been modified by modern breeding programs in both
annuals and perennials (Dong et al. 2019). The manipulation
of branching by pruning off terminal shoots is a recurring
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operation to improve productivity in orchards (Lauri et al.
2009). Shoot branching is thought to optimize resource allo-
cation in response to biotic and abiotic stresses in natural
populations occupying diverse ecological landscapes (Baker
et al. 2012; Remington et al. 2015). The plasticity in bud
outgrowth offers a wide range of possible plant forms from
prolific branching to a complete absence of branches and all
possibilities in between.

Genetic factors specify the underlying architecture of
plants by regulating axillary meristem formation and sub-
sequent development into a bud, but the plasticity in bud
growth to form a branch or remain dormant/semi-dormant
is determined by the integration of endogenous hormonal
and developmental signals, as well as environmental cues
(Domagalska and Leyser 2011). Recent discoveries integrat-
ing physiology, genetics, and molecular tools indicate that
bud outgrowth is, to a large extent, controlled by multiple
phytohormones through their biosynthesis, transport, and
signaling, in coordination with diverse environmental sig-
nals (reviewed in Barbier et al. 2019).

Auxin has long been known to play a central role in
the control of branching, although the precise mechanisms
remain unclear. The term “apical dominance” describes
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the inhibition of axillary branching by the main shoot
apex, a phenomenon that results in part from the inhibi-
tory effects of basipetally transported, apex-derived auxin
on bud growth (Thimann and Skoog 1933). Removing
auxin sources by decapitating the shoot stimulates bud
outgrowth and application of exogenous auxin at the
decapitated stump restores apical dominance (Thimann
and Skoog 1933; Cline 1996). It is noteworthy that this
transported auxin indirectly suppresses bud growth with-
out entering the bud (Hall and Hillman 1975; Booker et al.
2003). Exactly how auxin inhibits bud growth is not com-
pletely understood, although two hypotheses, the canali-
zation hypothesis, and the second messenger hypothesis,
enjoy strong support.

The auxin canalization hypothesis proposes that auxin
establishes its own conduit of transport through the forma-
tion of narrow canals of vascular connection enabling auxin
transport from source to sink (Sachs 1981). The bud (source)
at a higher auxin concentration must move auxin into the
polar auxin transport stream (PATS) at a lower concentration
in the stem (sink) to establish vascular connections, which
eventually sustain growth (Li and Bangerth 1999; Balla et al.
2011). Decapitation removes the apical auxin source and
is therefore expected to create an ample gradient for auxin
export out of buds. While many lines of research support
these basic principles (Bennett et al. 2006; Prusinkiewicz
et al. 2009; van Rongen et al. 2019), bud growth in response
to decapitation has been detected before stem auxin levels
declined (Morris et al. 2005) and bud growth independent
of polar auxin transport has also been reported (Brewer et al.
2015).

An alternative theory invokes the action of a second
messenger regulating bud growth responses to auxin in the
PATS. Two hormones, cytokinins and a strigolactone-deriv-
ative have been advanced as second messengers controlling
the bud growth. Cytokinins have a promotive effect by act-
ing at the node or within the bud, whereas strigolactone
also operates within or near the bud to inhibit branching
(Bennett et al. 2006; Waldie et al. 2010). Auxin suppresses
the transcription of a group of Adenylate Isopentenyltrans-
ferase (IPT) genes encoding cytokinin biosynthetic enzymes
(Tanaka et al. 2006). In contrast, auxin promotes the bio-
synthesis of bud inhibitory strigolactone by elevating the
expression of More Axillary Growth 3 (MAX3) and MAX4
that encode enzymes involved in strigolactone biosynthesis
(Bennett et al. 2006; Brewer et al. 2009). Some evidence
indicates that strigolactones may inhibit branching through
their effects on auxin transport (Bennett et al. 2016), while
other research suggests that their effects on shoot branching
may be independent of auxin transport (Brewer et al. 2015).
The physiological models associating auxin suppression
of bud growth with cytokinins, and strigolactones remain
inconclusive.

A number of lines of investigations have also associated
the action of abscisic acid (ABA) with the suppression of
bud growth (Arney and Mitchell 1969; Tucker and Mans-
field 1972; Tucker 1977; Gocal et al. 1991; Cline and Oh
2006). Recent studies demonstrated that ABA functions
downstream of auxin and strigolactones to suppress bud
growth (Reddy et al. 2013; Gonzélez-Grandio et al. 2017).
Sugar signaling is also associated with apical dominance,
as rapid decapitation-induced bud growth was coincident
with enhanced mobilization of sugars into axillary buds
and sucrose itself can stimulate bud growth (Mason et al.
2014; reviewed in Kebrom 2017).

Plants have highly developed light-sensing capabilities
and mechanisms to respond when challenged by competi-
tion for light. Reduced R:FR is an indicator of neighboring
competition and is perceived largely by the phytochrome
B (phyB) photoreceptor (Casal 2012). Low R:FR, or loss
of phyB function, stimulates a suite of shade avoidance
responses, including a reduction in branching (Kebrom
et al. 2006; Finlayson et al. 2010; Gonzalez-Grandio et al.
2013; Reddy et al. 2013). Auxin plays a predominant role
in the generation of shade avoidance phenotypes (Halliday
et al. 2009). Early responses to shade or a low R:FR in
Arabidopsis seedlings are contingent on biosynthesis of
the natural auxin indole-3-acetic acid (IAA) occurring via
Tryptophan Aminotransferase of Arabidopsis 1 (TAA1)
(Tao et al. 2008) and polar auxin transport by PINOID3
(PIN3) (Keuskamp et al. 2010). Phytochrome Interacting
Factor (PIF) transcription factors acting downstream of
phyB elevate the transcription of YUCCA genes to promote
auxin biosynthesis and also promote the expression of the
auxin signaling genes Indole-3-Acetic Acid Inducible 19
(IAA19), and IAA29 in response to shade (Hornitschek
et al. 2012; Li et al. 2012; Lorrain et al. 2008). Overall, the
low R:FR-mediated inactivation of phyB or non-functional
phyB alters auxin biosynthesis, transport, and signaling.

Ongoing work has shed light on the role of auxin in
axillary bud inhibition in phyB mutants or in response
to changes in the R:FR (Reddy and Finlayson 2014; Yao
and Finlayson 2015; Holalu and Finlayson 2017). A large
part of the suppression of branching by phyB deficiency
could be attributed to elevated auxin-dependent apical
dominance (Reddy and Finlayson 2014). However, this
increased apical dominance was not the result of elevated
TIAA levels, but was due to enhanced auxin responsive-
ness of the phyB mutant. Although it has been established
that phyB represses branching in part by promoting auxin
signaling, the function of low R:FR has not been previ-
ously demonstrated. It was hypothesized that low R:FR,
like phyB deficiency, would promote apical dominance by
elevating auxin signaling independent of auxin abundance.
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Materials and Methods
Plant Growth and Light Treatments

Wild type Arabidopsis thaliana (Col-0, ABRC CS60000)
was used throughout. Plants were grown in six cell inserts
(one plant per cell) filled with MetroMix LC1, and provided
optimal water and nutrients (Hoagland’s solution). The
plants were grown in a growth chamber modified with an
overhead array of FR light emitting diodes (735 nm). The
chamber was split into two equal parts with a light-imperme-
able baffle. Photosynthetically active radiation was provided
by fluorescent lamps at 180 pmoles m~2 s~! photosynthetic
photon flux density (PPFD). Plants were initially exposed to
high R:FR (4.41) for 4 days, and then given supplemental FR
to reduce the R:FR to 0.075. Spectra of the light sources are
provided in Fig. 1. Plants received a photoperiod of 16/8 h
light/dark and temperatures of 24/18 °C day/night.

Decapitation and Architectural and Branch
Elongation Analyses

Plants were decapitated below the lowest cauline branch at
one day before the predicted occurrence of anthesis. Archi-
tectural characteristics and branch elongation were meas-
ured at 10 days post anthesis as described in Finlayson et al.
(2010) except that the correlative inhibition index was calcu-
lated for each record individually. The correlative inhibition
index is given as the slope of the top three branch lengths
plotted against their positions, multiplied by — 1 for ease of
presentation. The “rosette branches response” was calcu-
lated by dividing the number of rosette branches for each
record by the average number of rosette branches for the un-
decapitated plants within each light treatment. The “rosette
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Fig. 1 Spectra of light sources used
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branch decapitation response” was similarly calculated by
dividing the rosette branch length for each record by the
average rosette branch length of the un-decapitated plants
within each light treatment and branch position.

Analysis of Hormone Abundance

IAA abundances were determined in whole seedling shoots
(10 shoots per replicate) at 14 days after sowing, and in basal
15 mm segments of the main inflorescence stem (8 to 10
segments per replicate) at anthesis. IAA was extracted and
quantified using isotope dilution selected ion monitoring gas
chromatography-mass spectroscopy as described in Reddy
et al. (2013). Four biological replicates were measured for
each genotype.

Analysis of Gene Expression

For seedlings, 14 day old plants were sprayed until lightly
wetted with 50 pM napthaleneacetic acid (NAA) in a solu-
tion containing 1% ethanol and 0.03% Silwet, or with a con-
trol solution lacking the NAA. Whole shoots were harvested
45 min after the treatment was applied, with ten shoots com-
prising one replicate. Mature plants were treated in a simi-
lar manner at the time of anthesis. Basal 1.5 cm segments
of the main inflorescence stem adjacent to the rosette were
harvested 45 min after treatment, with 8 to 10 segments
comprising one replicate. Total RNA was extracted and gene
expression was measured by QPCR using the methods of Su
et al. (2011). Average gene expression responses were based
on the normalized expression patterns of all the tested genes.
For each gene target, each gene expression value was nor-
malized by dividing by the average value for all the samples/
replicates. The average of all normalized gene expression
values was then used to estimate the average response for
each treatment/tissue. Primers for IJAA11, IAAI9 and GH3.5
were taken from Effendi et al. (2011). Primers for JAA29
are described in Reddy and Finlayson (2014). Four biologi-
cal replicates were measured for each genotype/treatment
combination.

Split Tip Assay of Bud Growth

A split tip assay of axillary bud growth response to auxin
was conducted based on modifications to the split plate
method of Chatfield et al. (2000). Plants were grown in
inserts as described above, under the different light regi-
mens. Stem sections spanning buds were excised from the
main inflorescence when the buds were less than 3 mm
long, rinsed in 20% bleach followed by sterile water, and
inserted into the split tip system. Split tips were comprised
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agar mediumwith or
without 80 nM NAA —
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Fig.2 Schematic representation (L), and actual image (R) of split tip
system used to assess auxin responsiveness. Bud lengths were meas-
ured before, and four days after, transfer to the system under a high
and a low R:FR (Color figure online)

of 1 mL (nominal) pipettor tips filled with 0.8% agar with
0.4X MS salts and 0.2% sucrose (Fig. 2). The tips were
notched with a blade to permit insertion of the stem sec-
tion and to provide discontinuity between the agar in con-
tact with the apical stem portion and the agar in contact
with the basal stem portion. The upper agar portion of split
tips providing auxin contained 80 nM NAA. Once assem-
bled the split tips were placed in clear disposable plastic
culture tubes (17X 100 mm) containing 250 pL of water
(to maintain humidity) and closed with vented caps. The
split tips were replaced in their respective light regimens
and bud lengths were measured at four days after transfer.
Nineteen to 20 biological replicates were measured for
each treatment combination.

Statistics

Comparisons between means were made using a two-tailed
t-test or ANOVA followed by Tukey’s HSD implemented
in R.

Results

Shoot branching phenotypes generated by the different
R:FR treatments were evaluated by assessing the number
of branches, the correlative inhibition index and branch
elongation/normalized branch elongation by position
(Fig. 3). The correlative inhibition index quantifies branch-
ing using the lengths of the top three branches (Finlayson
et al. 2010). More negative slopes obtained by regressing
the top three branch lengths by their ordinal positions (“n”,
“n-17, “n-2”) indicate greater correlative inhibition, or
weaker branching, as the lower branches are increasingly
inhibited by more apical growing points supplying inhibi-
tory signals. Branch “n” is the topmost rosette branch (in
the axil of the last rosette leaf formed), with sequentially
lower branches assigned labels “n-1", “n-2”, etc. Since
the correlative inhibition index is typically derived from
elongated branches, it integrates not only the buds’ ini-
tial growth, but also the subsequent rate of elongation at
sequential positions. Plants grown under a low R:FR had
fewer rosette branches and a higher correlative inhibition
index than those grown under a high R:FR (Fig. 3a, c).
Decapitation was conducted to eliminate the source of
apical signals, including apically-sourced auxin, which
is known to inhibit branching. Decapitated plants grown
under either a high or a low R:FR produced more branches
than their intact counterparts, but the response to decapi-
tation was significantly stronger in plants grown under a
low R:FR (Fig. 3b). Decapitation also sharply reduced
correlative inhibition in low R:FR grown plants, but it
had no effect on those grown in a high R:FR (Fig. 3c¢).
Branch growth following decapitation was also evaluated
on a positional basis (Fig. 3d, e). Decapitation promoted
the growth of lower branches more than that of upper
branches, and the response was significantly greater in
lower branches of plants grown under a low R:FR, com-
pared to a high R:FR. In fact, the branches of decapitated
plants grown under a low R:FR grew to greater lengths
than those grown under a high R:FR. Overall, the branch-
ing of intact plants grown under a low R:FR was weaker
than in plants grown under a high R:FR, but they also
showed a stronger branching response to decapitation than
their high R:FR grown counterparts.

Since plants grown under a low R:FR showed weaker
branching, but greater responsiveness to decapitation than
those grown under a high R:FR it was possible that the low
R:FR branching suppression might result from elevated
auxin abundance. IAA was therefore quantified in young
shoots and in mature basal stem segments of plants grown
under a high and a low R:FR. There was no difference in
IAA levels in young shoots (Fig. 4a), but IAA levels were
significantly lower in basal stems of mature plants grown
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Fig.3 Number of rosette branches (a), number of rosette branches »

response (b), correlative inhibition index (c), branch lengths (d)
and branch lengths response (e) of intact and decapitated Col-0
grown under high and low R:FR at 10 days after anthesis. Inset in
(e) expands Y-axis for first two positions. Data are means +SE with
n=15-23. Bars with different letters are significantly different at
a=0.01. Asterisks in (e) indicate a significant difference in response
to decapitation at each branch position between plants grown in high
and low R:FR at #=0.01

under a low R:FR compared to those grown under a high
R:FR, both on a FW basis and on a shoot segment basis
(Fig. 4b, c¢). The results did not support the hypothesis that
a low R:FR inhibits branching by increasing IAA levels
since IAA abundance was not positively correlated with
the suppression of branching under a low R:FR.

Previous work showed that the R:FR and phyB modu-
late auxin sensitivity in young seedlings and mature plants
(Bou-Torrent et al. 2014; Hersch et al. 2014; Reddy and
Finlayson 2014; de Wit et al. 2015; Pucciariello et al. 2018).
The expression of auxin-inducible genes was therefore
assessed under the different light regimens, with and with-
out exogenous auxin application, to determine if the R:FR
altered auxin responsiveness in a manner consistent with the
observed branching phenotypes. The gene targets included
IAAI1, IAA19, and IAA29 that encode auxin-induced tran-
scription factors involved in auxin signal transduction, and
GH3.5 which encodes an auxin-inducible IAA conjugating
enzyme. In the absence of exogenous auxin the expression
of TAA19 and TAA29 was elevated in young shoots grown
under a low R:FR compared to a high R:FR, the expression
of T[AA11 was suppressed and the expression of GH3.5 was
unaltered (Fig. 5a—d). Exogenous application of auxin signif-
icantly elevated the expression of JAA19, IAA29 and GH3.5
in low R:FR grown plants compared to those grown in a high
R:FR. Overall, the average response of auxin-induced genes
was equivalent in seedlings grown under both a high and a
low R:FR, but the gene expression of plants grown under
a low R:FR was more responsive to the addition of exog-
enous auxin (Fig. Se). JAA11, IAAI9 and IAA29 expression
was significantly elevated in untreated basal stem sections
of mature plants grown under a low R:FR compared to a
high R:FR (Fig. 5F-I), and expression of all 4 marker genes
was elevated in basal stem segments of low R:FR plants
following auxin application. Both the baseline and induc-
ible average responses of auxin-induced genes were elevated
in basal stem sections of mature plants grown under a low
R:FR (Fig. 5j). The results indicate that auxin responsive
gene expression may be promoted by growth under a low
R:FR even though IAA levels are reduced.

To further probe how the contrasting R:FR regimens
impacted the plants’ ability to perceive auxin, a split tip
assay was used as a direct read-out of auxin responsiveness.
In this assay (modified from Chatfield et al. 2000) a section
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and c) expressed on a per weight basis (b) and per 15 mm stem seg-
ment (c¢). Data are means + SE with n=4. Asterisks indicate a signifi-
cant difference between high and low R:FR at a=0.001

of stem including a bud is suspended between discontinuous
agar media masses. Auxin provided in the apical agar mass
is transported through the stem where it indirectly inhibits
the growth of the associated bud (Fig. 2). Bud growth was
greater in isolated buds grown under a low R:FR compared
to a high R:FR (Fig. 6a). Apically supplied auxin inhibited
the growth of buds from plants grown under both a high and
alow R:FR (Fig. 6a), however the inhibitory effect was sig-
nificantly greater in sections from plants grown under a low
R:FR compared to a high R:FR (Fig. 6b). The assay demon-
strated that a low R:FR promoted the inhibitory response of
bud growth to auxin transported in the PATS.
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Fig.5 Expression of auxin-responsive genes in shoots of 14 day old
Col-0 seedlings (a-d) and in basal stem segments of mature plants
(f-i) grown under high and low R:FR with and without auxin (NAA)
treatment. Data are means+ SE with n=4. Overall average response
for seedlings, as reported by the normalized expression of the genes
presented in (a—d), is shown in (e). Overall average response for
basal stem segments of mature plants, as reported by the normalized
expression of the genes presented in (f-i), is shown in (j). Data in (e)
and (j) are means + SE with n=16. Bars with different letters are sig-
nificantly different at =0.05

Discussion

The suppression of shoot branching by a low R:FR was
shown to result, at least in part, from increased auxin respon-
siveness that was independent of auxin abundance in the
stem. A previous study demonstrated that phyB normally
acts to attenuate auxin signaling, which promotes branch
growth (Reddy and Finlayson 2014). Therefore, it may now
be concluded that phyB transduces some of the effects of the
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Bud auxin response indicated that the R:FR impacts bud ABA homeostasis more
40- d rapidly than auxin responsiveness, but that the effects of
A O control T . . . : .
T the change in auxin responsiveness on branching are likely
30- B NAA stronger than those of ABA (Holalu and Finlayson 2017).
Additionally, the ABA and auxin pathways interact, with
C
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Fig.6 Length (a) and normalized response (b) of Col-O axillary
buds grown under high or low R:FR four days after initiating a split-
tip in vitro assay with and without apically supplied auxin. Data are
means+ SE with n=19-20. Bars with different letters are signifi-
cantly different at @ =0.01

R:FR on branching by modulating auxin responsiveness. A
high R:FR results in activated phyB which attenuates auxin
responsiveness to stimulate branching, while a low R:FR
inactivates phyB which promotes auxin responsiveness to
inhibit branching. The signaling pathway downstream of
phyB that modulates auxin signaling to regulate branch-
ing likely involves Phytochrome Interacting Factors (PIFs).
Under a high R:FR phyB;. moves into the nucleus and phos-
phorylates/inactivates/sequesters several PIFs, including
PIFs 4, 5 and 7 to inhibit shade avoidance responses. Con-
versely, under a low R:FR phyB, does not enter the nucleus
and the PIFs are able to bind to the promoters of their target
genes to regulate their expression and elicit shade avoidance
responses. PIF gene targets include auxin signaling genes
that enhance auxin sensitivity and shade avoidance pheno-
types (Hornitschek et al. 2012).

While it is apparent that branching responses to the R:FR
result in part from phyB-modulation of auxin responsive-
ness, this is not the only mechanism involved. Previous
research showed that low R:FR promotes bud ABA accu-
mulation and signaling to repress bud growth (Reddy et al.
2013; Gonzélez-Grandio et al. 2017). A time course analysis
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auxin signaling contributing to bud ABA accumulation, and
bud ABA limiting bud IAA accumulation (Yao and Finlay-
son 2015).

Ongoing research has indicated that sugar supply and/or
signaling may contribute to regulate bud growth (Kebrom
et al. 2012; Mason et al. 2014; Barbier et al. 2015; Fichtner
et al. 2017). In the case of pea, the rapid bud growth response
to decapitation was associated with redirection of sugars to
the developing buds (Mason et al. 2014). Plants grown under
alow R:FR have fewer leaves than those grown under a high
R:FR and therefore might be expected to produce less sug-
ars, which could limit bud growth. However, in the present
study the buds of low R:FR grown plants were actually more
responsive to decapitation than those of high R:FR grown
plants and grew to greater lengths which is not consistent
with a presumed sugar deficiency under a low R:FR. Further
research on the potential role of sugars in the regulation of
branching by the R:FR is necessary to address this issue.

Decapitation was effective at promoting the growth of
buds from lower rosette positions, and this effect was much
stronger in plants grown under a low R:FR. The growth pro-
motion response to decapitation increased exponentially at
sequentially lower rosette positions, then abruptly declined,
and in fact the very lowest buds rarely grew appreciably,
even with decapitation. Thus, the lowest buds were virtu-
ally unresponsive to decapitation, indicating that other fac-
tors were involved in their arrest. It is possible that elevated
ABA accumulation may contribute to this arrest, in view of
the known role of low R:FR in promoting bud ABA accu-
mulation (Reddy et al. 2013; Holalu and Finlayson 2017;
Gonzélez-Grandio et al. 2017). It is also possible that these
lowest buds were insufficiently developed to respond to
decapitation, and that given time growth might be initiated.
Further research is necessary to explore these possibilities.

The data indicated that a low R:FR inhibited the fre-
quency of branching and promoted correlative inhibition, but
in some cases, it exerted positive effects on branch elonga-
tion. In the case of decapitation, all of the branches of plants
grown under a low R:FR elongated more than those grown
under a high R:FR, and even without decapitation the top-
most branch of plants grown under a low R:FR outstripped
their high R:FR counterparts. Additionally, isolated buds
in the split-tip system elongated more rapidly when grown
under a low R:FR than a high R:FR. Thus, the R:FR exerts
contrasting effects on different aspects of branch develop-
ment. It is possible that a low R:FR inhibits the initiation of
bud growth by promoting systemic auxin signaling in the
PATS, but enhances bud/branch elongation by promoting
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auxin signaling in the bud itself. Dissecting these poten-
tial antagonistic effects of auxin signaling warrants further
study.
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