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Breaking of apical dominance by removing the shoot apex initiates competition between the 
remaining buds to assume the dominant position. Cotyledonary buds located closest to the stored 
photoassimilates also participate in this race, as was demonstrated a century ago in a pea model. Using 
pea (Pisum sativum L.) plantlets we showed that sucrose feeding through the stem stump enhances the 
outgrowth rate of initiated buds. However, this cannot overwrite the axillary bud competition pattern, 
during which the upper axillary bud outcompetes all the lower buds. Further, disruption of polar auxin 
flow by stem wounding triggers cotyledonary bud outgrowth regardless of assimilates supplied by the 
cotyledons. Similarly, replacement of the cotyledons with a sucrose-containing gel did not influence 
the cotyledonary bud outgrowth scheme, whilst in contrary, an auxin-containing gel did. Using PIN1 
immunolocalization assay, we demonstrated that the cotyledonary buds are located at a confluence 
of two auxin flows originating from the apex and the cotyledons. Formation of a PIN1-labelled auxin 
channel leading to the stem polar auxin flow is a prerequisite for cotyledonary bud outgrowth.

Apical dominance, a competitive relationship between the growth apex and lower buds and branches, has been 
the focus of interest of plant physiologists for more than a century. It has long been recognized that removal 
of the shoot apex results in breaking its dominance and initiates a race between the axillary buds for the lost 
apex replacement. One of the pioneer experiments in pea plantlets revealed that cotyledons also play part in 
this competition. Cutting off the stem section that contains the shoot tip and axillary buds breaks the apical 
dominance and allows cotyledonary bud outgrowth. The buds initially grow out in the same pace, but finally 
one takes the dominant role and replaces the lost main shoot apex1. Based on the prevailing view, the hypothesis 
is that nutrient availability is the cause for this observation2, i.e. nutrient flow towards the shoot apex prevents 
cotyledonary bud outgrowth in intact plants by keeping them in a nutritional deficit, as nutrients are only 
available to the apex. However, if one of the cotyledons is removed along with the growing stem, the outgrowing 
cotyledonary bud always appears on the decotyledonated side1. If nutrient flow were to be the only and crucial 
regulatory factor of apical dominance, then the bud on the side of the intact cotyledon should grow out, due 
to its vicinity to the nutrition source. Dostál et al. (1908) concluded that cotyledons are not only the source of 
nutrients, but also of inhibitory substances retaining outgrowth inhibition of the proximal buds.

The plant hormone auxin was discovered causative for this inhibitory effect. Auxins are mainly synthesised in 
the shoot apex and young leaves3. Consequently, removal of the apex and the resulting bud release demonstrated 
an inhibitory role of these organs on lateral bud outgrowth4. Follow-up experiments simulated the inhibitory 
effect of the shoot apex on lateral bud outgrowth by indole-3-acetic acid (IAA) treatment to decapitated stem 
stumps5,6. The same applies to cotyledonary buds. Moreover, cotyledons were shown to have stronger bud-
inhibiting effect than IAA applied to the stem stump. Despite exogenous IAA addition to the decapitated stem, 
the bud on the side of the removed cotyledon was able to grow out. In a similar model with both cotyledons 
preserved but halved and one of the cotyledons treated with IAA, decapitation initiates bud outgrowth on the 
untreated side7.

The leading dogma of auxin as regulator of apical dominance was challenged upon the discovery of a new 
class of plant hormones, strigolactones8,9, and later, sugar was proposed as a regulatory substance for shoot 
branching10–12. Since, strigolactones and sugar were found to act in the fine-tuning machinery regulating auxin 
action, making the regulatory cascade network considerably more complex than previously thought13–16.

In this work, we bring experimental evidence demonstrating the effect of auxin and its flow as pivotal for the 
regulation of cotyledonary bud outgrowth, more than the availability of the photoassimilates alone. Finally, we 
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present evidence that auxin flow in cotyledons and initiated cotyledonary buds is polarly canalized towards the 
main stem by PIN1 auxin efflux proteins.

Results
Unchanged axillary bud competition upon exogenous photoassimilate feeding or 
deprivation
First, we addressed whether exogenous sucrose supply interferes with the competitive outgrowth behaviour 
between the upper and lower axillary buds following shoot apex removal. The typical outgrowth competition 
pattern between axillary buds induced by apex removal is manifested by the upper bud outcompeting the lower 
bud (Fig. 1a,b; Supplementary Fig. S1).

7-day-old decapitated pea plantlets were supplemented with 0.4 M sucrose solution applied in microtubes 
mounted in place of the removed apices (Fig.  1c). The competition pattern between the buds remained 
unaffected. The growth rate of the upper bud was only slightly increased compared to the control plant (Fig. 1d). 
When the 7-day-old plants were decotyledonated in addition to decapitation (Fig. 1e,f), growth vigour of the 
axillary buds was significantly lower, comparable to growth rates observed in only decapitated 14- and 21-day-
old plants in which we assume photoassimilates stored in cotyledons have already been partially utilised for 
growth and development (Fig. 1g,h,i,j). If the 7-day-old decapitated and decotyledonated plantlets were fed with 
sucrose, the growth rate of the upper bud was partially restored (Fig. 1k,l), whereas, no effect on the competition 
pattern between the axillary buds was observed. Moreover, the lower bud was not triggered when nutrients from 
the cotyledon were not available or the nutrient content in the cotyledons was reduced. (Supplementary Fig. 
S2a,b,c,d).

In an attempt to alter the above outcome, a drop of sucrose solution or a sucrose-containing lanolin paste 
applied directly to the lower bud of decapitated plants, had no impact on the previously observed outgrowth 
competition pattern (Supplementary Fig. S3a,b). Similarly, if a sucrose solution drop or sucrose containing 
lanolin paste was applied directly to the upper axillary bud of intact pea plantlets, no outgrowth initiation was 
observed (Supplementary Fig. S3c,d). Further, it should be noted that the cotyledonary buds remained inhibited 
in all above-described experiments.

Stem wounding redirects assimilate and auxin flow
A vertical incision through the main stem between the epicotyl and hypocotyl adjacent to the cotyledonary 
petioles combined with a unilateral incision closely above the cotyledonary bud triggered outgrowth of the 
incision-bordered bud, whilst the bud on the opposite side remained inhibited (Fig.  2a). In addition, upon 
removal of the cotyledon on the side opposite to the incision-bordered bud, the above-described outgrowth 
scheme remained unchanged and the initiated bud formed a shoot (Fig. 2b). The unilateral incision disrupted 
the assimilate flow from the cotyledons to the growing stem apex and redirected it into the incision-bordered 
cotyledonary bud. Simultaneously, polar auxin flow from the apex was also disrupted (Fig.  2c). To test 
whether either redirection of the sugar flow or disruption of the auxin flow were causative for the initiation of 
cotyledonary bud outgrowth, similar incisions were made, but on plantlets from which both cotyledons were 
removed. Notwithstanding removal of the cotyledons as assimilate source, outgrowth of the incision-bordered 
cotyledonary bud outgrowth was initiated (Fig. 2d). In addition, if the cotyledon on the side opposite to the 
incision-bordered bud was preserved, the resulting outgrowth pattern was same again (Fig. 2e). Despite the 
removal of assimilate sources, the incision-bordered bud started to transform into the shoot, relying solely on its 
own assimilate production. However, the lack of assimilates was apparent as the formed shoot was significantly 
shorter compared to the shoot formed with assimilate support from the cotyledon. Nevertheless, the regulation 
role of apex-derived auxin flow in cotyledonary bud outgrowth was clearly demonstrated (Fig. 2f).

Auxin regulates cotyledonary bud outgrowth
When the plantlets were not only decapitated, but also deprived of the apex and axillary bud bearing stem 
section and cotyledons, only a single cotyledonary bud grew out (Fig. 3a). Growth initiation was random and a 
shoot formed on either left or right side. Therefore, we focused on the process of cotyledonary bud outgrowth, 
particularly including the idea that cotyledons are the sources of both auxin and photoassimilates.

To simulate the regulatory roles of cotyledons, they were replaced by microtubes filled with IAA- or sucrose-
containing agar gel in various combinations (Supplementary Fig. S4a). Application of agar gel instead of both 
cotyledons did not alter the above-described cotyledonary bud outgrowth pattern, when only one shoot was 
formed on either left or right side (Fig. 3b). Similarly, the agar/sucrose (Fig. 3c) and sucrose/sucrose (Fig. 3d) 
application had the same outcome, manifested by one shoot formation on either left or right side. But once IAA 
was included in the microtube content, i.e. sucrose/sucrose + IAA (Fig. 3e); sucrose + IAA/agar (Fig. 3f); agar/
IAA (Fig. 3g) and IAA/sucrose (Fig. 3h), cotyledonary shoot formation was observed on the opposite side of IAA 
application. In combinations of sucrose + IAA/sucrose + IAA (Fig. 3i); sucrose + IAA/IAA (Fig. 3j) and IAA/IAA 
(Fig. 3k) no bud outgrowth was triggered on either application side. Furthermore, when both cotyledons were 
replaced with sucrose-containing microtubes in plants with an intact shoot, no effect on outgrowth of either 
axillary or cotyledonary buds was observed (Supplementary Fig. S4b).When one of the cotyledonary petioles 
was treated with IAA-containing lanolin paste, cotyledonary bud outgrowth was observed on the non-treated 
side, however, buds were not triggered immediately and visible outgrowth was only observed 2 weeks after the 
treatment (Fig. 3l).

Cotyledonary buds at the confluence of two auxin streams
To gain insight into the possible auxin flow routes in the cotyledonary area, immunolocalization of PIN1 
auxin efflux proteins was performed. In intact plants, the polar auxin flow in the stem marked by polarized 
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Fig. 1.  Impact of sucrose feeding and cotyledon removal on axillary bud outgrowth competition. (a) 
Decapitated control plant. After axillary bud growth initiation the upper bud outcompeted the lower bud. 
Image captured 7 days after treatment. (b) Competition pattern between the upper and lower axillary bud 
in decapitated 7-day-old plants. (c) 0.4 M sucrose solution applied in 1.5 ml microtube mounted in place of 
removed apex. After bud-growth initiation the upper bud outcompeted the lower bud as in control plants. 
Image captured 7 days after treatment. (d) Competition pattern between the upper and lower axillary bud 
in 7-day-old decapitated plants fed with 0.4 M sucrose solution. (e) Decapitated and decotyledonated plant. 
The upper axillary bud was initiated and formed a shoot only. Image captured 7 days after treatment. (f) 
Competition pattern between the upper and lower axillary bud in 7-day-old decapitated and decotyledonated 
plants. (g) Plant decapitated at stage of 14-day-old. The upper axillary bud was initiated and formed a shoot 
only. Image captured 7 days after treatment. (h) Competition pattern between the upper and lower axillary 
bud in 14-day-old decapitated plants. (i) Plant decapitated at stage of 21-day-old. The upper axillary bud was 
initiated and formed a shoot only. Image captured 7 days after treatment. (j) Competition pattern between the 
upper and lower axillary bud in 21-day-old decapitated plants. (k) 0.4 M sucrose solution applied in 1.5 ml 
microtube mounted in place of removed apex in decotyledonated plant. The upper axillary bud was initiated 
and formed a shoot only. (l) Competition pattern between the upper and lower axillary bud in 7-day-old 
decapitated and decotyledonated plants fed with 0.4 M sucrose solution. Errors = standard error of the mean 
(n = 45). Statistically significant differences (identified by Student’s t-test): α = 0.05* and α = 0.01**
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Fig. 2.  Assimilate and auxin flow redirection triggers cotyledonary bud outgrowth. The black framed images 
show the applied incisions in detail. Images of plants captured 7 days after wounding. (a) Vertical and 
unilateral incision applied on plantlet. The incision-bordered cotyledonary bud was triggered and transformed 
into shoot. (n = 45; all plants behaved the same) (b) Vertical and unilateral incision applied on one-cotyledon-
deprived plantlet. The incision-bordered cotyledonary bud was triggered and transformed into shoot. (n = 45; 
all plants behaved the same) (c) Scheme of model plant where the apex derived auxin flow was redirected by 
vertical and unilateral incisions creating auxin-free zone in the vicinity of incision-bordered cotyledonary bud. 
At the same time, the cotyledonary assimilate flow towards the growing apex was disrupted and redirected to 
the incision-bordered cotyledonary bud that started to grow out. Green oval bodies represent shoot tip, upper 
and lower axillary and cotyledonary buds; green-white cylinder represents the main stem with hypocotyl. 
Yellow hemispheres represent the cotyledons with petioles. Black lines represent plastic blades put into 
the vertical and unilateral incision. Red arrows represent auxin flow and its direction; dashed black arrows 
represent possible but not initiated auxin flow; yellow arrows represent assimilate flow and its direction. Green 
arrows mark bud outgrowth; red crosses mark bud inhibition. (d) Vertical and unilateral incision applied 
on decotyledonated plantlet. The incision-bordered cotyledonary bud outgrowth was initiated. (n = 45; all 
plants behaved the same). (e) Vertical and unilateral incision applied on one-cotyledon-deprived plantlet. 
Outgrowth of the incision-bordered cotyledonary bud was initiated. (n = 45; all plants behaved the same). (f) 
Scheme of decotyledonated model plant where the apex derived auxin flow was redirected by vertical and 
unilateral incisions creating auxin-free zone in the vicinity of the incision-bordered cotyledonary bud. The 
incision-bordered cotyledonary bud outgrowth was initiated, however, it should rely only on its own assimilate 
production. Yellow circle with asterisk marks site of photoassimilate production. Meaning of the other scheme 
parts as above described, if applicable.
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PIN1 proteins was directed towards the root tip and localised in parenchymal cells surrounding xylem vessels 
(Fig. 4a). Likewise, PIN1-marked auxin transporting channels were found in xylem parenchyma cells around 
the vasculature in the cotyledons (Fig. 4b) as well as in the cotyledonary petioles (Fig. 4c). Notably, the auxin 
stream from the cotyledon through the cotyledonary petiole merged with the stem polar auxin flow (Fig. 4d). In 
the inhibited cotyledonary bud PIN1 proteins were partially localised polarly in the primordia and developing 

Fig. 3.  Replacement of cotyledons with microtubes filled with agar, sucrose or IAA gel influences cotyledonary 
bud outgrowth. (a) Decotyledonated plantlet with removed apex and axillary bud bearing stem part. After 
this intervention one cotyledonary bud was initiated and formed a shoot. Image of plant captured 7 days after 
treatment. Cotyledonary replacement experiments with 200 μl microtubes in combinations (b) agar/agar, (c) 
agar/sucrose and (d) sucrose/sucrose. These treatments activated random outgrowth of one of the cotyledonary 
buds. In combinations (e) sucrose/sucrose + IAA, (f) sucrose + IAA/agar, (g) agar/IAA and (h) IAA/sucrose 
the cotyledonary bud outgrowth was blocked where the microtube contained IAA. In combinations (i) 
sucrose + IAA/sucrose + IAA, (j) sucrose + IAA/IAA and (k) IAA/IAA no cotyledonary bud outgrowth was 
observed. Images of plants captured 7 days after treatment. (l) Same model, 0.5% IAA paste applied on one of 
the cotyledonary petioles. Cotyledonary bud outgrowth was observed in axil of non-treated petiole. Image of 
plant captured 21 days after treatment. (n = 100 in each variant).

 

Scientific Reports |         (2026) 16:4147 5| https://doi.org/10.1038/s41598-025-34251-5

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


cover leaves, but no PIN1-marked auxin transporting files facing towards the main stem were detected (Fig. 4e). 
However, 24 h after decapitation we observed a polarized PIN1-marked channel connecting the outgrowing bud 
to the main stem auxin flow (Fig. 4f).

We are thus proposing a model in which cotyledonary buds are located at the confluence of two auxin flows 
and they cannot connect their own auxin source to these flows when the buds are inhibited to grow out by 
existing auxin flows (Fig.  5a). When disrupting the stem auxin flow by apex and axillary bud bearing stem 
section removal, the cotyledonary buds became new sources of auxin enabling their outgrowth and subsequent 
competition to replace the lost main shoot. The second auxin flow from the cotyledons alone is not sufficient 
to compete with the newly established auxin sources from buds (Fig. 5b). However, if in addition one of the 
cotyledons is also removed, the auxin flow from the preserved cotyledon influenced the bud outgrowth pattern, 
since shoot formation from the initiated buds only occurred on the side of the removed cotyledon (Fig. 5c).

Discussion
Interruption of stem auxin flow releases axillary buds from growth inhibition. If more buds are released, 
including cotyledonary buds, competition to become the new dominant auxin source is initiated17–19. However, 
the cotyledonary buds are positioned farther away from the apex than the axillary buds, which puts them in a 
competitive disadvantage as the higher axillary buds can more easily take over the role of main auxin source, 
while keeping the lower buds inhibited. On the other hand, position of the cotyledonary buds of young plantlets 
ensures that they are closest to the source of assimilates necessary as an energy supply, and more importantly, 
sugar signalling may be one of the initiators of bud outgrowth.

Assimilates produced during photosynthesis are essential to build the volumetric and spatial body structure 
of plants. Through the phloem network, they are rapidly distributed to supply the sinks over short and long 
distances. Without efficient photoassimilate supply, no sustainable growth of the newly established organs 
is possible, but this requires changes in the distribution scheme. The original source-sink theory of apical 
dominance proposed that auxin synthesised in the growing shoot tip directs nutrient transport to the apex 
away from lateral buds that are not able to grow out because of limited nutrition20. Since then it has been shown 
that the continuously growing stem is also a strong sink for sugar, and sugar produced during photosynthesis 
or released from cotyledons in young plantlets is essential as a driving power of shoot growth. The source-sink 
theory can be considered a mechanism of bud inhibition where the auxin-rich shoot apices attract sugar due 
to its sink strength and divert sugar away from the buds21–23. Accordingly, auxin signalling cascade was shown 
to regulate the source-sink carbohydrate partitioning in the rice dao mutant, where the elevated auxin level 
caused preferential sucrose accumulation in the photosynthetic leaves at the expense of the sink, represented by 

 

Fig. 4.  Immunolocalization of PIN1 proteins. The lettered squares added to images of model plants indicate 
locations where microscopic sections and subsequent immunoassays were performed. (a) Immunolocalization 
assay of PIN1 auxin efflux carriers (red signal) showed polar localization in the main stem around the 
vasculature in intact plants. (b) Polar localization and PIN1-marked channels were also found in cotyledons 
and (c) cotyledonary petioles in intact plants. (d) Auxin flow in the main stem and auxin flow from the 
cotyledons were merged in intact plants. (e) PIN1 proteins were found partially polarized in primordia and 
developing cover leaves of the inhibited cotyledonary buds, but with no connection towards the main stem 
auxin flow. (f) 24 h after the main polar auxin flow disruption polarized PIN1-marked channel was formed 
connecting the outgrowing cotyledonary bud to the main stem auxin flow. White triangles indicate the 
direction of auxin flow. Scale bar, 100 μm. (n = 10 in each variant).
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the reproductive organs24. Therefore, auxin could be the organizing force for sugar redistribution in the newly 
forming sinks, as axillary buds are able to rapidly increase their auxin levels after decapitation25. Conversely, 
sucrose was reported to be able to redistribute its own flow into the axillary buds. External sucrose supply was 
demonstrated to initiate bud outgrowth even in intact mature pea plants10. However, in our young plantlet 
model system, exogenous application of sucrose to the upper axillary buds of intact pea plantlets did not trigger 
bud outgrowth, suggesting that sucrose alone is not sufficient to activate the bud outgrowth mechanisms in 
presence of strong auxin sink.

Fig. 5.  Cotyledonary bud outgrowth control by a two-directional auxin flow model. (a) Above: Scheme of 
intact plantlet. The shoot apex supplies main stem with auxin that is translocated polarly towards the root tip. 
Cotyledons are also source of auxin, which flows through the cotyledonary petioles towards the main stem 
where it joins the apex-derived polar auxin flow. Cotyledonary buds are unable to join the flow; they are not 
connected with PIN1-marked auxin channel, and are therefore trapped in inhibition. Below: Image of 7-day-
old intact plantlet with inhibited cotyledonary buds. (n = 45; all plants behaved the same). (b) Above: After 
disruption the apex-derived auxin flow by stem shortening the possibility of joining opens. The cotyledonary 
buds start to form PIN1-marked channels and export their auxin to the stem auxin flow enabling outgrowth 
of both buds. Below: Image of plant captured 7 days after removal of the apex and axillary buds containing 
stem part. Both cotyledonary buds started to grow out and compete for replacement the lost main shoot. 
(n = 45; all plants behaved the same). (c) Above: If in addition to disruption the apex-derived auxin flow one 
of the cotyledonary auxin flows is also disrupted by removal of this source, auxin export will be realised only 
from the bud on the side of the removed cotyledon. Consequently, only this cotyledonary bud will form a 
shoot. Below: Image of plant captured 7 days after removal of the apex and axillary buds containing stem part 
together with one of the cotyledons. Shoot was formed from the cotyledonary bud of the removed cotyledon 
only, whilst bud of the preserved cotyledon remained in inhibition. (n = 45; all plants behaved the same). Green 
oval bodies represent shoot apex, axillary and cotyledonary buds; green-white cylinder represents the main 
stem with hypocotyl. Yellow hemispheres represent the cotyledons with the petioles. Red arrows represent 
auxin flow and its direction; dashed black arrows represent possible but not initiated auxin flow. Green arrows 
mark bud outgrowth; red crosses mark bud inhibition. Red arrows represent auxin flow and its direction; 
dashed black arrows represent possible but not initiated auxin flow.
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Our experiments demonstrated that sucrose feeding or assimilate deprivation by cotyledon removal could 
not alter the bud outgrowth competition pattern, in which the upper bud outcompetes all the lower positioned 
axillary and cotyledonary buds. In the utilized model system where leaf-derived photoassimilates are eliminated, 
the vast majority of photoassimilates originates from the cotyledons. Even though the lower axillary bud was 
closest to the source of cotyledonary assimilates and its growth was initiated after decapitation, it finally lost 
the competition to the upper bud. The data presented here unequivocally demonstrate that external sucrose 
supply failed to alter the typical competition pattern of axillary buds. However, such alteration is clearly possible 
by changes in the auxin flow either by application of auxin transport inhibitors or by wounding at a different 
position, as demonstrated earlier19. Similarly, mechanical disruption of the stem polar auxin flow by unilateral 
incisions triggers cotyledonary bud outgrowth of plants with intact apex. Besides auxin flow, however, the 
photoassimilate transport is affected too in this experimental setup. It is likely that assimilate flow from the 
cotyledon was redirected into the bud that was subsequently transformed into a branch competing for apical 
dominance. This intervention to the auxin and photoassimilate distribution pathway resulted simultaneous 
growth of both the main shoot and the cotyledonary branch. Moreover, cotyledonary bud outgrowth was also 
initiated when the cotyledon, source of stored photoassimilates, was removed. It suggests that disruption of the 
stem polar auxin flow has higher impact on bud outgrowth initiation than sugar availability.

On the other hand, there is direct and indirect evidence that carbohydrates are connected to the bud release 
after breaking the apical dominance. As an example, the timing of trehalose 6-phosphate (Tre6P) accumulation 
coincides with bud release after decapitation that may indicate increased sucrose influx into the buds26. 
Further, over-expression of the glucose sensor HEXOKINASE1 (HXK1) increased the number of branches 
in Arabidopsis27. Sugars can also influence auxin biosynthesis, where glucose increases transcript levels of 
some auxin biosynthetic YUCCA genes28. In addition, sugars can modify the amount of transported auxin. 
Increasing concentrations of glucose applied to roots showed elevation of the amount of transported auxin as 
well as expression of the PIN1 gene29. Recently, sugar was demonstrated to act via suppressing the auxin-induced 
strigolactone pathway in bud inhibition, in which glucose and fructose were more efficient than sucrose30.

To reiterate, in our cotyledon-replacing experiments the sucrose supply did not change the bud outgrowth 
pattern. The agar/agar, sucrose/agar and sucrose/sucrose application combinations led to the same result that 
only one cotyledonary bud formed a shoot. In contrary to sucrose, auxin has been shown effective in influencing 
the bud outgrowth pattern as its presence inhibited the bud outgrowth in all application combinations. Only 
sucrose application is not sufficient to promote bud outgrowth and the mechanism of bud initiation is likely more 
complex because it involves besides auxin, also cytokinins, strigolactones and transcriptional regulation31–39.

Based on the PIN1 marked auxin transport routes we propose a model of two confluent auxin streams in 
young pea plants. One auxin stream starts in the shoot apex and flows through the main stem, while the other 
originates from the cotyledons, and both are directed towards the root tip. Auxin transport channel formation and 
subsequent massive auxin export are key for bud outgrowth40–43. Consistent with the competitive canalization 
model19,44, the apex supplies the stem polar auxin flow in intact plants. However, the pea storage-type cotyledons 
are also sources of auxin as was shown by DR5 expression45, and the cotyledons load their auxin reserves into the 
main flow. The origin of this two-directional auxin flow can be identified early in embryogenesis. During eudicot 
embryo development, the cotyledon formation starts with a transition from the late globular to heart stage as a 
shift from the radial to bilateral symmetry. This shape change is accompanied by asymmetric auxin distribution 
and altering in PIN1 auxin efflux carrier polarization. PIN1-dependent local auxin maxima are created at the 
sites of the developing cotyledon primordia, whilst low auxin region is maintained at the centre where shoot 
apical meristem is starting to form46–48. Once the apical meristem is formed, establishing local auxin maxima 
in the meristem is a prerequisite for the formation of the primordium initiation site49, which is a continuous 
process supplying auxin to the main stem.

It can be concluded that the cotyledonary buds are located at the confluence of two auxin flows formed 
during embryogenesis. Disruption of the stem auxin flow by removal of all meristems above the cotyledons 
triggered cotyledonary bud outgrowth and competition to replace the lost main shoot. Even though the second 
auxin stream from the cotyledons was not disrupted, it was not sufficient to inhibit PIN1-marked auxin flow 
establishment that accompanied the bud outgrowth process. However, the second auxin flow from exogenous 
IAA source simulating the removed cotyledon was able to block cotyledonary bud outgrowth, demonstrating 
the nature of the inhibitory substance in cotyledons predicted more than 100 years ago. Replacing the cotyledons 
with a sucrose source had no bud-promoting effect, suggesting that in pea plantlets auxin is more of a bud-to-
bud communication agent in the selection process that specifies which bud will grow out and which bud will be 
inhibited.

Methods
Plant material, growth conditions and treatments
Pea plantlets (Pisum sativum L.) cv. Vladan (Semo a.s, Smržice), were used for the experiments. Seeds were 
germinated in soaked perlite in dark. Plants for sucrose feeding and immunolocalization assays were further 
cultivated in perlite soaked with Richter’s nutrient solution, plants for cotyledon replacement experiments were 
further cultivated in Richters’s solution. Plants in cotyledon replacement experiments after microtube mounting 
were extra 24  h day kept in dark than placed to a growth chamber at 20  °C/18  °C day/night temperatures, 
under a 16 h day/8 h night cycle photoperiod and light intensity 150 μ mol m−2 s−1. Under this temperature and 
photoperiod conditions all other experimental varieties were cultivated after treatment specified below. Age of 
plants was 7, 14 or 21 days after sowing, experimental variants were intact, decapitated 10 mm above the upper 
axillary bud or 10 mm above the cotyledons, or identically decapitated and decotyledonated. Following protocols 
were used: (i) Axillary bud length measurement after treatment as decapitation and/or decotyledonation and/
or sucrose feeding by 0.4 M sucrose solution applied in 1.5 ml microtubes mounted on stem stumps; (n = 45 for 
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each variant); (ii) Vertical and unilateral incision applied on the stem of intact, decotyledonated or only one 
cotyledon deprived plants. Plastic blade was inserted into the incisions to separate the adjacent tissues; (n = 45 
for each variant); (iii) Outgrowing or inhibited status of cotyledonary buds after treatment as decapitation 
and/or decotyledonation and mounting at-the-mouth-shortened 200 μl microtubes onto cotyledonary stumps 
containing 0.4 mol l−1 sucrose and/or 50 μmol l−1 IAA in 1.5% agar gel or plane 1.5% agar gel; (n = 100 for each 
variant); (iv) Application of 0.5% IAA lanolin paste (lanolin-water emulsion 3:1) to cotyledonary petiole of 
decotyledonated and 10 mm above the cotyledons decapitated plants; (n = 45 for each variant); (v) PIN1 protein 
immunolocalization assays in stem, cotyledon, cotyledonary bud and cotyledonary petiole; (n = 10 for each 
variant). In Supplement: (vi) Application of 0.4 M sucrose solution drop or 0.4 mol l−1 sucrose containing lanolin 
paste (lanolin-water emulsion 3:1) to upper axillary bud of intact plants or lower axillary buds of decapitated 
plants (n = 45 for each variant); (vii) Replacement of both cotyledons of intact plants with 200 μl microtubes 
filled with 1.5% agar gel containing 0.4 mol l−1 sucrose (n = 45).

Immunolocalization of PIN1 protein
Immunolocalization was performed on stem segments, cotyledons, cotyledonary petioles and cotyledonary 
buds with the connecting stem collected in time 0 h and 24 h after treatment, with 10 replicate segments from 
each sample type, following the published protocol50. The anti-Arabidopsis-PIN1 antibody also recognizes the 
homologous PIN protein in pea, which is presumed to be a PIN1 functional ortholog. The following antibodies 
and dilutions were used: anti-PIN1 (1:1000) and CY3-conjugated anti-rabbit secondary antibody (1:500). 
Samples were viewed under a confocal laser scanning microscope Fluoview 200 (Olympus) using UPlanFI 
20x/0.5 objective at room temperature. Images were acquired using Fluoview 5.0 software.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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