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For almost a century the plant hormone auxin has been central to
theories on apical dominance, whereby the growing shoot tip
suppresses the growth of the axillary buds below. According to
the classic model, the auxin indole-3-acetic acid is produced in the
shoot tip and transported down the stem, where it inhibits bud
growth. We report here that the initiation of bud growth after
shoot tip loss cannot be dependent on apical auxin supply because
we observe bud release up to 24 h before changes in auxin content
in the adjacent stem. After the loss of the shoot tip, sugars are
rapidly redistributed over large distances and accumulate in
axillary buds within a timeframe that correlates with bud release.
Moreover, artificially increasing sucrose levels in plants represses
the expression of BRANCHED1 (BRC1), the key transcriptional reg-
ulator responsible for maintaining bud dormancy, and results in
rapid bud release. An enhancement in sugar supply is both neces-
sary and sufficient for suppressed buds to be released from apical
dominance. Our data support a theory of apical dominance
whereby the shoot tip’s strong demand for sugars inhibits axillary
bud outgrowth by limiting the amount of sugar translocated to
those buds.
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Apical dominance is the process whereby the shoot tip inhibits
the outgrowth of axillary buds further down the stem to

control the number of growing shoot tips and branches. In re-
sponse to the loss of their shoot tips, plants have evolved rapid
long-distance signaling mechanisms to release axillary buds and
replenish the plant with new growing shoot tips. Since the 1930s,
theories regarding apical dominance have involved the plant
hormone auxin (indole-3-acetic acid, IAA), which moves down
the stem from the shoot tip (1). Depletion of IAA from the stem
after the loss of the shoot tip (e.g., decapitation) is commonly
thought to induce the growth of new branches. This auxin depletion
is central to all established apical dominance models, whether
they focus on auxin transport from buds or auxin regulation of
other hormones, including cytokinin and strigolactone (2–5).
The finding that apically derived auxin does not move into the

axillary buds (6, 7) has resulted in a debate among researchers as
to how auxin inhibits those buds. The major theories on apical
dominance are not necessarily mutually exclusive. In the auxin
transport canalization-based model, axillary buds are thought
to remain dormant until a sufficient amount of auxin is able to
flow out of the buds (2, 8–10). This bud-derived auxin gradually
becomes canalized into a small number of cell files that later
become the vascular tissue that supports the growth of the growing
branch. The continual flow of auxin from the shoot tip is thought
to maintain apical dominance by preventing auxin flow from axillary
buds. In the second messenger theory, apically derived auxin
inhibits axillary bud growth indirectly by inhibiting cytokinin
production and/or promoting strigolactone synthesis (4, 11, 12).
Unlike auxin, cytokinin and strigolactone are thought to move
into the axillary bud to promote or inhibit bud growth, re-
spectively. Consistent with this theory, axillary bud growth can

be regulated by direct application of strigolactone and cyto-
kinin to the buds (4).
At first consideration, the flow of auxin from the shoot tip

down the plant seems to be an ideal system to both maintain
apical dominance as well as to initiate bud growth after the loss
of the shoot tip. It is widely observed that lateral bud growth can
be reduced by auxin supplied to the stump of decapitated plants;
however, the growth inhibition is usually incomplete, even in the
model species pea (Pisum sativum) and Arabidopsis thaliana (9,
13–17). Closer investigation reveals a substantial disconnect be-
tween apical auxin supply and bud outgrowth. First, treatment of
stumps of decapitated stems with auxin fails to prevent the
initial bud growth, with auxin acting only on the later stages of
bud outgrowth (14). Second, auxin depletion in wild-type stems
caused by decapitation, stem girdling, or auxin transport inhib-
itors does not always promote bud outgrowth (5, 14, 15). Third,
auxin is ineffective at inhibiting bud outgrowth after decapi-
tation in some species, including Arabidopsis thaliana, and under
some conditions, including high light irradiances (15). Finally, in
studies in which the shoot tip and bud are separated by a long
distance, bud growth after decapitation is observed before any
expected or measured changes in IAA content in the stem ad-
jacent to the bud (5, 14, 18).
Specifically, in 20-cm-tall pea plants, we have shown the zone

of IAA depletion after decapitation extends only one-third of the
full distance required to promote the furthest buds (14). Com-
putational modeling of auxin transport and auxin depletion
indicates that even a 0.1% drop in IAA content would not be
perceived at this furthest node until well after bud growth has
commenced (18). We also showed that naphthylphthalamic acid
blocks auxin transport from the shoot tip and reduces auxin
content in the upper zone of the stem but has no effect on early
bud growth (14). Moreover, exogenous auxin could not prevent
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bud growth in decapitated plants for almost 24 h after treatment
(14, 16). Consequently, it is unlikely that IAA levels directly or
indirectly regulate the early outgrowth response of buds to
decapitation.
Here, we have used digital time-lapse photography technology

to accurately measure axillary bud growth in response to differ-
ent physiological treatments. Although we acknowledge that
auxin plays a role in apical dominance, we have been able to rule
out auxin as the master regulator owing to its lack of correlation
with early axillary bud growth. In 1924, the nutritive hypothesis
proposed that access to plant nutrients is the major factor reg-
ulating axillary bud growth (19–21). Our study has drawn upon
concepts of the nutritive hypothesis to reveal that apical domi-
nance is maintained largely by the sugar demand of the shoot tip,
which limits the amount of sugars available to the axillary buds.
After shoot tip loss, sugars accumulate in axillary buds within
a time frame consistent with bud growth. We show here that this
decapitation response can also be mimicked by supplying ex-
ogenous sugars to intact plants. With these findings, the pre-
viously mentioned disparities between auxin content and bud
outgrowth can be explained by taking into account sugar avail-
ability to the buds.

Results and Discussion
Axillary Buds Are Released by a Positive Shoot-Derived Signal. Using
plants tall enough to separate the shoot tip from the basal node 2
by 20 cm, we have previously shown that measurable bud growth
after decapitation, termed bud release, can be observed at this
node while it remains below the zone of depleted auxin (14, 18).
To test whether this effect of bud release beyond the zone of
auxin depletion was specific to plant age or a particular node
(14), we investigated auxin content and bud outgrowth in intact
and decapitated garden pea plants taller than 150 cm, selecting
node 7 for analysis (Fig. S1). Again bud outgrowth was observed
before any measureable IAA depletion in the adjacent stem. The
rapid release of axillary buds after decapitation may be a com-
mon feature of a wide range of plant species, because a similar
rapid bud release in response to decapitation was also observed
in the distantly related species, Nicotiana tabacum (Fig. S2). In
pea, by closely examining bud growth using digital time-lapse
photography, we were able to observe significant bud growth in
buds 40 cm below the shoot tip within 2.5 h of decapitation (Fig.
1 A and B and Movie S1). A signal moving from the shoot tip to
release bud inhibition in the lower nodes within 2.5 h would need
to travel at 16 cm h−1 or faster. The rapid signal that releases bud
inhibition therefore moves at least 1 order of magnitude faster
than the speeds reported for IAA exported from the shoot tip.
Rapid and long-distance bud release can also be induced at
a similar rate by removing a number of young expanding leaves
from the shoot tip (Fig. 1B), which have previously been repor-
ted to be crucial for maintaining apical dominance (22).
To better understand the nature of this apical dominance

signal, we tested the possibility that the shoot tip, composed of
expanding leaves and internodes, prevents bud release by pro-
ducing a growth inhibitor that moves more rapidly than IAA.
Here we used a girdling technique (5) that physically prevents
the transport of compounds from the upper shoot to the buds
below the girdle. As we have shown previously for longer-term
bud growth (5), plants that are girdled low on the stem, and
therefore below the majority of expanded leaves, failed to acti-
vate bud release (Fig. 1 A and C and Movie S1). This experiment
demonstrates that the depletion of any shoot-derived inhibitor,
including auxin, is not sufficient to promote rapid bud release,
because these compounds will become depleted below the girdle.
Moreover, the lack of transport through the girdle also pre-
vented rapid bud release in decapitated plants (Fig. 1C and
Movie S1), indicating that the shoot above the girdle must pro-
duce a signal that promotes bud release.

Photoassimilates Correlate with Bud Release. The significant impact
of girdling on bud release (Fig. 1C) is consistent with the nu-
tritive hypothesis of apical dominance (19–21) whereby access to
plant nutrients, including photoassimilates, is a major deter-
minant of axillary bud growth. To explore the importance of
shoot-derived nutrients for bud release, we removed all of the
mature leaves before decapitation. Leaf removal completely
abolished the decapitation-induced bud release (Fig. 1D), re-
vealing an absolute requirement of mature leaves for the release

Fig. 1. Mature leaves are the source of the rapid decapitation-induced signal.
(A) Positions of leaves (numbered), girdle (5) (triangle), and sites of de-
capitation (B–E, upper arrow, and E, lower arrow) used in this study. (B) De-
capitation as well as removal of expanding leaves (node 9–11) within the shoot
tip, but not the mature (node 3–5) leaves, induced rapid bud release at node 2;
n = 4. The dotted line with an asterisk indicates the time at which the growth
kinetics between buds of intact and decapitated plants became significantly
different according to nonoverlapping 95% confidence intervals between
the two treatments after an ANOVA analysis of data from three separate
experiments, n = 11–12. (C) Stem girdling below node 4 prevented rapid bud
release. n = 4. (D) Defoliating plants from nodes 3 to 8 prevented the de-
capitation-induced rapid bud release. n = 3 or 4. (E) Decapitation of the
plants low on the stem delayed bud release. n = 4. All data are mean ± SEM.
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from apical dominance. From this, we predicted that a delay or
prevention of bud release would occur in plants that are de-
capitated lower in the stem, owing to the reduced number of
leaves. The current auxin-centered apical dominance theories
would predict that decapitation low on the stem would instead
result in a promotion of bud release due to the increased rate at
which auxin will begin to deplete at node 2 (2, 4, 5). However, as
we predicted, plants decapitated in the lower third of the stem
resulted in a 5-h delay in bud release compared with plants de-
capitated above the highest expanded leaf (Fig. 1E). This slower
response to decapitation lower on the stem indicates that leaves, or
possibly recently fixed photoassimilates, are crucial for bud release.
To test for involvement of photoassimilates in apical domi-

nance, we first evaluated whether the speed of photoassimilate
transport is sufficient to precede bud release. We supplied upper
leaves with [11C] CO2 and then monitored the movement of the
11C-labeled photoassimilates through sensors attached to upper
and lower positions on the plant stem. The speed of 11C trans-
port in both intact and decapitated plants calculated using these
sensors was ∼150 cm h−1 (Fig. 2A), which is more than 2 orders
of magnitude faster than IAA and also faster than the 16 cm h−1

that we calculated as the minimum speed of a signal required to
promote bud release (Fig. 1B). Although the transport speeds
were equivalent in decapitated and intact plants (Fig. 2A),
a greater amount of photoassimilate was transported to node 2 in
decapitated plants than in intact plants (Fig. 2B). Labeled carbon
photoassimilates that were fixed in the youngest fully expanded
leaf at the top of the plant significantly accumulated in the node
2 region within 38 min of decapitation (Fig. 2B) and before bud
growth. This is a conservative estimate of timing because all of
the leaves, including those closer to node 2, would have con-
tinued to load unlabeled photoassimilates into the phloem, and
after decapitation these photoassimilates would also be directed
predominantly down through the stem (23).
Examination of the endogenous sugar content of axillary buds

by mass spectrometry revealed that total sucrose levels increased
by 44% in node 2 buds within 4 h of decapitation, whereas glu-
cose levels remained unaffected (Fig. 2C). The poor correlation
between sucrose and glucose content in growing buds is consis-
tent with sucrose being delivered to the buds (23), rather than
being produced locally from starch metabolism (24). We next
examined sucrose uptake using 14C-sucrose, which enables a more
sensitive measure of recently acquired carbon in buds compared
with total sucrose levels. By supplying 14C-sucrose to a single leaf
(node 4), we identified that, within 2 h, decapitation resulted
in a doubling in 14C translocated from node 4 into node 2 buds
(Fig. 2D). These data indicate that after decapitation the plant
increases its endogenous carbon supply to the axillary buds within
the timeframe sufficient to induce bud release (Figs. 1 and 2).

Sucrose Supply Promotes Bud Release and Inhibits BRANCHED1
Expression. Next we tested whether sucrose, the major form of
transported photosynthate (23), can activate bud release, and
hence whether a relatively low sucrose supply to axillary buds
may limit bud release. Intact plants supplemented with exoge-
nous sucrose displayed rapid axillary bud release (Fig. 3A and
Fig. S3), similar to decapitated plants (Fig. 1 B–E). Sucrose
could also restore rapid bud release to plants that have been
decapitated low on their stem (Fig. 3B). We evaluated bud
growth responses in intact plants by supplying a range of sucrose
concentrations typically reported for phloem sap (25–27). All
concentrations caused an early growth response, including 100 mM,
which is at the low end of typical sucrose levels in phloem
(Fig. S3). These treatments were given as a single initial treat-
ment but had effects on bud lengths in the longer term. At day 3
the highest dose of exogenous sucrose, 600 mM, had caused sig-
nificantly more growth than other sucrose concentrations, which in
turn were significantly longer than those of control plants (Fig. S3).

This experiment indicates that although sucrose supply may act
as a switch for the early outgrowth (up to one day), it has more of
a dose-dependent energy-supply role over time.
BRANCHED1 (BRC1) is a key transcription factor gene that,

on the basis of its mutant branching phenotype, is required for
bud inhibition. BRC1 is known to be transcriptionally regulated
in axillary buds of pea by strigolactone and cytokinin (4) and is
thought to inhibit bud activation by repressing the cell cycle and
meristem activity (28). Like the response to decapitation, sucrose
supplied to intact plants caused a substantial reduction in BRC1
expression in node 2 buds (Fig. 3C) within the 2-h timeframe in
which we observe statistically significant bud growth (Fig. 1). The
ability of sucrose to promote cell cycle progression directly (29) or
indirectly via BRC1 (28) indicates that increased sucrose avail-
ability to axillary buds may activate bud release by promoting the

Fig. 2. Loss of apical dominance causes rapid carbon redistribution and sucrose
accumulation in axillary buds. (A) Speed of 11C-photoassimilate flow through
the phloem is rapid but unchanged after decapitation. n = 3. (B) Decapitation
rapidly increased the amount of 11C radioactivity that accumulated at node 2
after 11CO2 feeding to the uppermost fully expanded leaf. n = 3. Data represent
the increase in radioactivity observed in decapitated plants over intact controls ±
SEM. Dotted line indicates the time at which the difference became statis-
tically significant based on a one-sample, two-tailed t test. (C) Sucrose, but
not glucose, accumulated in node 2 buds after decapitation. Twenty to
twenty-four buds per replicate, n = 6. An ANOVA with a Dunnett’s multiple
comparison of means test was performed comparing all samples with intact
controls. (D) Decapitation after 14C-sucrose feeding to node 4 petioles en-
hanced 14C uptake in node 2 buds. Six buds per replicate, n = 4. Statistical
significance from intact controls was determined using a two-tailed t test. All
data are mean ± SEM. *Statistical difference from controls (P ≤ 0.05).
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cell cycle and thereby stimulating meristematic cell division in
the buds.
This release of buds by exogenous sucrose in intact or decapitated

plants is consistent with the increased bud growth observed in
isolated rose stem segments supplied with sugars (30, 31) and in
plants with genetically altered sugar signaling and/or metabolism
(32). Our results indicate that enhancing sugar supply to axillary
buds is sufficient for bud release (Fig. 3), and conversely, limiting
sugar availability to axillary buds (Fig. 1 C–E) is part of the
mechanism used by plants to maintain strong apical dominance.
Consistent with this conclusion, the reduced tillering phenotype
of the tin mutant in wheat has recently been linked to reduced
carbohydrate availability to the axillary buds (33).
Our studies explain why auxin supplied to the decapitated

stump is unable to inhibit the early growth of buds after de-
capitation, despite its ability to reduce their growth at a later
stage (14). It would be interesting to determine whether en-
hanced delivery of sucrose to buds affects auxin biosynthesis,
metabolism, and/or conjugation (34–36) in buds and whether this
may have a role in early bud growth. However, our data reveal that
it is unlikely that auxin transport plays a role during the early growth
period after decapitation. Reducing auxin transport from the buds,
by directly applying the auxin transport inhibitor naphthylph-
thalamic acid to those buds, was unable to inhibit decapitation-
induced bud growth over the first 24-h period (Fig. S4), despite
its ability to cause longer-term inhibition (12). These data further
highlight the role of nonauxin regulation during bud release.
On the basis of our findings we propose a model (Fig. 4), in

which the sugar demand of the shoot tip is crucial in maintaining
apical dominance. Decapitation removes apical sugar demand
and rapidly increases sucrose availability to axillary buds. This is
sufficient to cause bud release, regardless of the auxin status of
the adjacent stem. The role of auxin is prominent in the later
stages of branch growth (14, 37) rather than during the initial
bud release. Possessing both the rapid sucrose-based response
and the longer-term auxin response could be advantageous to
the plant. After decapitation the enhanced sucrose supply ena-
bles rapid bud release along the length of the stem. The buds
are small, and because sucrose is now in excess, there is little
cost to the plant of immediately initiating bud release. This
provides an important advantage in terms of interplant compe-
tition and the relative speed at which the plant can recover from
the loss of its shoot tip. However, if all buds were to continue to
grow, the plant phenotype would be drastically altered from the
initially apically dominant state to an overly bushy phenotype.
Consequently, auxin plays a role in determining which buds
will continue to grow out, by functioning with the other plant

hormones, cytokinins and strigolactones, to either promote the
progression of growing axillary buds into branches or to force
them back into dormancy (38). Unlike the sucrose effect, this
hormonal effect is substantially dependent on bud position be-
cause auxin is depleted in a basipetal gradient, and buds growing
to branches will become additional sources of auxin (2) (Fig. 4).
Consequently, in contrast with hormone models (8–12), another
outcome of this combined sugar demand and hormone signaling
model of shoot branching (Fig. 4) is the ease with which the de-
capitation of plants with strong apical dominance (no branches)
can lead to a new architecture of basal and aerial branches (39,
40). In addition to providing rapid responses to changes in sink
demand and regulating the number and position of branches, the

Fig. 3. Sucrose addition rapidly initiates bud release and suppresses the branching repressor, BRC1. (A) Sucrose feeding via the nodes 3 and 5 petioles rapidly
initiated bud release of intact plants. (B) Sucrose feeding via the node 3 petiole rescued the delayed bud release of plants decapitated low on the stem; n = 4.
(C) BRC1 expression in node 2 buds was inhibited within 2 h by both decapitation and sucrose supply to intact plants (P ≤ 0.05). Twenty buds were collected
per replicate, n = 3. *Statistical difference from controls (P ≤ 0.05) based on a two-tailed t test. All data are mean ± SEM.
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Fig. 4. Apical dominance is controlled by sugar and hormone responses.
Apical dominance is maintained in intact plants predominately by limiting
the axillary bud’s access to sugars. After the loss of the shoot tip, sugars
rapidly accumulate in axillary buds and, as the sugar content of the buds
surpasses a threshold, the buds are released. In contrast, the loss of the
apical supply of auxin results in a depletion of auxin in the stem. However,
auxin depletion will differ spatially and temporally along the stem because
auxin depletion is relatively slow and therefore the growing buds in the
upper shoot will be affected before those lower on the stem. In this model,
auxin is predominately involved in prioritizing the later stages of branch
growth, whereas sugars are predominately responsible for the initial bud
release. Line diagrams reveal mechanisms at each bud; the width of solid
lines indicates abundance, with dashed lines indicating low levels.
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involvement of sugars, and not simply hormones, could also
prevent excessive bud outgrowth under poor growing conditions.

Conclusions
The dogma of auxin-mediated apical dominance has persisted
largely because auxin is typically capable of inhibiting the later
stages of bud outgrowth after decapitation (14) and because it
regulates the levels of other hormones known to affect shoot
branching (41). However, by observing the earliest stages of bud
release, we have shown that auxin depletion is not sufficient to
induce bud release after decapitation (Fig. 1 C and D and Movie
S1). Rather, our results demonstrate that sugars are both nec-
essary and sufficient for axillary bud release from apical domi-
nance (Fig. 3). Our data support a growing body of evidence that
sugars function as important regulators of plant development
(42–44) and indicate that limiting their availability to axillary
buds is central to the maintenance of apical dominance.

Materials and Methods
Plant Material, Growth Conditions, and Treatments. Except where described
otherwise, plants used in this study were eight-leaf-expanded Pisum sativum
cv Torsdag, grown in a temperature-controlled glasshouse as described pre-
viously (4). Unless otherwise stated, decapitation involved cutting through
internode within 5 mm of the shoot tip (Fig. 1A). Girdling was performed as
described previously (5). Sugar feeding to the petiole (45) involved rapid
immersion of the cut surfaces in solutions after removal of the leaflets at
node 3 (decapitated at node 3; Fig. 3B; 100 mM) or node 3 and 5 (intact plants
with five expanded leaves; Fig. 3A; 400 mM; Fig. S3B; six expanded leaves;
Fig. S3A). For 14C uptake studies, 0.1 μCi of 14C-labeled sucrose was supplied to
the cut petiole of node 4 leaf, and node 2 buds were harvested at 2 h.

Time-Lapse Photography. High-definition C910 webcams (Logitech; www.
logitech.com) recorded continuous time-lapse images of a single axillary bud
at 30-min intervals. Using multiple cameras, images of 8–10 individual buds
were recorded simultaneously. Bud length in each image was calculated in
the ImageJ software package (http://imagej.nih.gov/ij/) using a scale bar,
which was included in every image, to calibrate measurements.

Measurement of IAA and Sucrose Level. Sucrose was extracted from buds in
a 1:1.35:1mix ofwater:methanol:chloroform. Sucrose levels were determined
by negative ion electrospray ultraperformance liquid chromatography
(UPLC)-MS using a Waters Acquity H-series UPLC with a BEH amide column
(2.1 × 50mm × 1.7 μm particles) coupled to a Waters Xevo triple quadrupole
mass spectrometer. The mass spectrometer was operated in negative ion
electrospray mode with a needle voltage of 2.3 kV, and selected ion
monitoring (SIM) was used. The ion source temperature was 130 °C, the
desolvation gas was nitrogen at 950 L h−1, the cone gas flow was 50 L h−1,
and the desolvation temperature was 450 °C. SIM ions were sucrose, m/z
341.1; 13C12 sucrose (internal standard), m/z 353; and glucose, 179.1 Cone

voltage was 24 V for both, and dwell time was 120 ms per channel. Glucose
levels were estimated using 13C12 sucrose as an internal standard.

IAAwas extracted, and IAA levels measured using the above instrument, as
previously described (46).

Measurement of Carbon-11 Allocation to Lower Stems and Transport Speeds.
The positron-emitting isotope carbon-11 (11C; t1/2 = 20.4 min), as 11CO2, was
generated and administered to the node 9 leaf of 10-leaf-expanded plants
as a 30-s pulse in continuously streaming air in a leaf cuvette with photo-
synthetically active radiation 600 μmol m−2 s−1, as previously described (47).
Leaf fixation, carbon export from the leaf, photoassimilate transport speed,
and lower stem allocation were monitored in real time using a detector built
into the leaf cuvette and two detectors shielded with collimated lead and
positioned to detect radioactivity from the upper and lower stem (48). The
time taken for the 11C photoassimilates in the phloem to move between the
upper and lower stem detectors was used to calculate transport speeds. The
effect of decapitation on 11C accumulation was determined using data col-
lected from the detector positioned on the lower stem at node 2.

Gene Expression Analysis. The node 2 axillary buds were harvested from 20
intact plants (five-leaf expanded) that had been fed with 400 mM sucrose or
sorbitol, as well as from intact and decapitated (internode 5) plants. Total
RNA was extracted as reported previously (4) and its quality determined by
gel electrophoresis. Reverse transcription of 500 ng of RNA was performed
using the iScript reverse transcription kit (BioRad) as per the manufacturer’s
instructions. Real-time PCR was performed using Sooadvanced SYBER green
supermix (BioRad) as per the manufacturer’s instructions on a CFX384 Touch
real-time PCR detection system (BioRad). A melt curve analysis was included
for quality assurance. Primer sequences for BRC1 and EF1α were as described
in ref. 4. Actin forward primer (AGTGGTCGTACAACCGGTATTGT); Actin re-
verse primers (GATGGCATGGAGGAAGAGAGAAAC, GAGGATAGCATGT-
GGAACTGAGAA, GAGGAAGAGCATTCCCCTCGTA). The real-time data were
processed in CFX Manager 2.1 software (BioRad) and then extracted and
analyzed by LinRegPCR and Microsoft Excel as previously described (4). Gene
expression was normalized against both a geomean of reference gene ex-
pression (Actin and EF1α) and the expression in the control samples.
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