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Abstract: The implementation of new planting systems in almond (Prunus amygdalus (L.) Batsch, syn P.
dulcis (Mill.)) orchards for more sustainable practices has made tree architecture increasingly relevant
as an important selection trait in plant breeding. Multiple features define the three-dimensional
structure of the tree, with shoot production being the most important. Shoots can develop after a
period of rest (proleptic shoots) or immediately (sylleptic shoots), at the same time as the extension of
the parent shoot. Scion/rootstock interactions may change the proportion of proleptic and sylleptic
shoots and thus alter tree architecture. To study this effect, we analyzed shoot formation on three
almond scion cultivars grafted onto five interspecific hybrid rootstocks. The type of shoot (proleptic
or sylleptic) and internode number per shoot were collected for two-year-old branches on three-year-
old unpruned trees. We found that rootstock genotypes can alter the pattern of shoot production,
especially the number of sylleptic shoots formed. More information on the molecular response is
needed to comprehend the biological processes behind these differential phenotypes, which appear
to be modulated by both apical dominance and apical control.

Keywords: growth; tree architecture; shoot production

1. Introduction

Several aspects define the three-dimensional structure of a tree. The combination of all
these scion phenotype features can be affected by how the rootstock and scion interact [1–5].
Scion/rootstock interaction determines multiple aspects of tree development, such as
flowering time, fruit quality, yield, tree vigor and tree architecture [6–9].

Tree architecture is defined by four major features: (i) temporal growth pattern;
(ii) branching pattern; (iii) morphological differentiation of axes; and (iv) sexual differ-
entiation of meristems [10]. One of these four features, branching pattern, is a key part of
the definitive three-dimensional structure of the tree. The distribution of branches along
the parent axis largely determines the tree architecture, differentiating between rhythmic
branching (when branched nodes are followed by unbranched nodes), and diffuse branch-
ing (when branches are established uniformly through the axis) [11]. Bud ontogeny also
determines branching patterns. If an axillary shoot develops immediately, without the
parent meristem going through a period of rest or dormancy, and the shoot extends at the
same time as the extension of the parent axis, then this forms a sylleptic shoot. However, if
the parent meristem forms a bud that remains inactive and develops after a period of rest
or dormancy, which in Prunus trees is typically in the following growing season, the bud is
said to produce a proleptic shoot [11,12].

The dynamics between proleptic and sylleptic shoot development, and their effect
on other architectural traits, including fruiting, have previously been studied in different
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almond (Prunus amygdalus (L.) Batsch, syn P. dulcis (Mill)) cultivars. Negrón et al. [13]
reported that the pattern of shoot production and fruiting was determined by cultivar geno-
type. The formation of proleptic and sylleptic shoots has also been analyzed under different
environments or experimental treatments, for example, water deficiency or pruning [14,15].
In peach (P. persica (L.) Batsch), it has been reported that more floral buds are produced on
proleptic than sylleptic shoots [16]. Therefore, the overall proportion of these shoot types
can largely alter the commercial viability of Prunus cultivars, including almond.

In this study, we analyze the effect of different hybrid rootstocks on the formation of
proleptic and sylleptic shoots on two-year-old branches of almond trees. Our hypothesis is
that different scion/rootstock combinations will change the patterns of the axillary shoot
production of almond trees.

2. Materials and Methods
2.1. Tree Population

In this study, three almond cultivars grafted onto five different commercial rootstocks,
resulting in a total of fifteen different combinations, were used. The scion cultivars selected
were ‘Isabelona’ (syn. ‘Belona’), ‘Guara’ and ‘Lauranne’; each of these are important
commercial cultivars in Spain and Portugal. The three cultivars present different vigor
and branching architectures [17]. The rootstocks were selected to represent a range of
vigor responses in the grafted scion: Pilowred® (GN8), ‘Densipac’ (Rootpac® 20), ‘Nanopac’
(Rootpac® 40), ‘Replantpac’ (Rootpac® R) and Garnem® (GN15). All were hybrid rootstocks
from different origins. Garnem® and Pilowred® are both almond× peach (P. amygdalus (L.)
Batsch, syn P. dulcis (Mill.). × P. persica (L.) Batsch) hybrid rootstocks, while the three others
came from the commercial Rootpac® series including Rootpac® 40 (P. amygdalus (L.) Batsch,
syn P. dulcis (Mill.). × P. persica (L.) Batsch), Rootpac® 20 (P. cerasifera × P. besseyi) and
Rootpac® R (P. cerasifera × P. amygdalus (L.) Batsch, syn P. dulcis (Mill.)). Grafted plants
were supplied by the Agromillora Iberia S.L. nursery in 2018 (Barcelona, Spain). Trees were
budded in July 2018 and planted during October 2018 at the Centro de Investigación y
Tecnología Agroalimentaria de Aragón (CITA) experimental orchard El Vedado Bajo el
Horno (Zuera, Zaragoza, 41◦51′46.5′′ N 0◦39′09.2′′ W). Trees were planted with a single
trunk supported by a wooden stake. Trees were then left without pruning so that they could
express their natural growth habit, unaltered. Conventional orchard practices were used
for weed control and drip irrigation. The soil type was calcareous with pH around 7–8.

2.2. Data Collection

Data collection was carried out on two-year-old branches during winter 2021 from
150 trees with ten trees per scion/rootstock combination. Three parameters were collected
for a whole branch of each tree. Total branch length (Length) and number of internodes
(Nb_IN) were recorded from the trunk to the apex of the branch, and average internode
length (IN_L) was calculated from those two measures. The fate of each node of the branch
was annotated, distinguishing between blind nodes, proleptic shoots and sylleptic shoots.
Data were collected for the whole branch after the second year of growth. Hence, while
two phases of sylleptic shoot production were recorded on one- and two-year-old wood,
proleptic shoot growth was only recorded on two-year-old wood, on the branch that grew
during the first year.

2.3. Statistical Analysis

All statistical analyses were carried out on the R platform (https://cran.r-project.
org/ (accessed on 10 November 2021). Significant differences in phenotypic data were
evaluated using an ANOVA test. These were assessed with a Tukey’s test (p < 0.05) using
the agricolae R package (https://CRAN.R-project.org/package=agricolae (accessed on
12 November 2021).

https://cran.r-project.org/
https://cran.r-project.org/
https://CRAN.R-project.org/package=agricolae
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2.4. Shoot Probability

To represent the probability of a given node presenting a blind node, proleptic, or
sylleptic shoot, the results obtained for the node fate description were translated to a
branch with 100 internodes. For each relative node, probability was calculated based on the
occurrence or not of a blind node, proleptic, or sylleptic shoot in each of the ten replicates
annotated, consisting of ten different trees for each combination. This was undertaken to
enable comparisons between different scion/rootstock combinations with highly variable
internode numbers.

3. Results
3.1. Architectural Description of Two-Year-Old Branches

Rootstock influence on branch length (Length) was consistent across all cultivars
(Table 1). Axillary shoots were longer when scions were grafted onto Garnem® rootstock
than with the other rootstocks. ‘Lauranne’ and ‘Guara’ displayed an intermediate pheno-
type when grafted onto Rootpac® 40 and Rootpac® R, while combinations with Pilowred®

and Rootpac® 20 tended to be shorter, although differences were only significant with
‘Guara’. When grafted onto Rootpac® 40, ‘Isabelona’ showed intermediate shoot length,
whereas ‘Isabelona’ combinations with Rootpac® R presented a similar shoot length to
those with Pilowred® or Rootpac® 20.

Table 1. Analysis of architectural traits (shoot length, number and length of internodes) related to
vigor of two-year-old branches of 15 scion/rootstock combinations of almond.

Cultivar Rootstock
Length (mm) Nb_IN IN_L (mm)

Value SD Value SD Value SD

‘Isabelona’

Rootpac® 20 824 b 290 63.6 ab 12.6 13.1 b 1.4
Rootpac® 40 927 ab 336 61.7 ab 22.5 15.0 ab 2.2
Rootpac® R 806 b 212 55.6 ab 11.6 14.4 b 1.9
Pilowred® 786 b 296 50.0 b 16.6 15.6 ab 2.6
Garnem® 1252 a 245 72.8 a 12.6 17.2 a 1.2

‘Guara’

Rootpac® 20 789 c 228 57.0 ab 17.1 13.9 c 1.9
Rootpac® 40 1272 bc 288 69.7 a 14.3 18.2 ab 2.0
Rootpac® R 1014 bc 320 50.3 b 10.1 19.7 ab 3.6
Pilowred® 831 c 160 50.3 b 11.9 16.9 bc 2.7
Garnem® 1409 a 272 66.5 ab 13.6 21.3 a 2.0

‘Lauranne’

Rootpac® 20 951 b 191 55.8 b 11.9 17.1 ab 1.0
Rootpac® 40 1239 b 180 77.8 b 13.8 16.9 ab 1.1
Rootpac® R 1159 b 181 66.0 b 11.6 17.7 b 1.8
Pilowred® 1071 b 332 58.1 b 22.4 18.8 a 1.7
Garnem® 1564 a 262 99.3 a 17.3 16.1 b 1.7

Length: branch length; NB_IN: number of internodes; IN_L: mean length of the internodes. Assessed with Tukey’s
test. Values within columns followed by the same letter were not significantly different (p < 0.05).

The effect of rootstock on the number of internodes (Nb_IN) per shoot presented a
similar pattern to branch length. All cultivars had the highest number of internodes when
grafted onto Garnem®, while displaying low Nb_IN when grafted onto Pilowred® (Table 1).
Rootpac® series rootstocks presented small differences between each other in their influence
of Nb_IN. The ‘Isabelona’/Rootpac® 40 combinations displayed a reduced number of
internodes, while ‘Lauranne’, and significantly ‘Guara’, were higher when grafted onto
Rootpac® 40. However, the two dwarfing rootstocks, Pilowred® and Rootpac® 20, showed
a different influence on the number of internodes in combinations with ‘Isabelona’ and
‘Guara’, with both being less vigorous than ‘Lauranne’. In these, scions grafted onto ‘GN-8′

had less internodes than those grafted onto Rootpac® 20, pointing to a different mode of
conferring a dwarfing response.
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Since both Length and Nb_IN are influenced by rootstock, the mean length of the
internodes (IN_L) was also influenced. While internode length of ‘Isabelona’ and ‘Guara’
were more affected by the rootstock, ‘Lauranne’ displayed less differences between com-
binations (Table 1). In the first two, combinations with Rootpac® 20 had the shortest
internodes, whereas combinations with Pilowred®, Rootpac® 40 and Rootpac® R presented
intermediate IN_L values. Combinations with Garnem® had the highest IN_L. Surprisingly,
‘Lauranne’ displayed the longest internodes when grafted onto Pilowred®, whereas when
grafted onto ‘Garnem’, they had the shortest internodes of all combinations.

3.2. Number of Proleptic and Sylleptic Shoots on Two-Year-Old Branches

The occurrence of proleptic and sylleptic shoots has an important weight in determin-
ing tree architecture. Here, we reported the fate of each node in two-year-old branches,
distinguishing between blind nodes (when no shoot was present), proleptic shoots (when
the shoot was developed after a period of dormancy), and sylleptic shoots (when the shoot
extended at the same time as the extension of the primary axis).

The number of proleptic shoots was influenced by rootstock, though this influence
differed between cultivars. ‘Lauranne’ and ‘Guara’ displayed the highest number of pro-
leptic shoots when grafted onto Garnem® (Table 2). In contrast, the ‘Isabelona’/Garnem®

combination had a markedly reduced number of proleptic shoots. The effect of Pilowred®

also varied depending on the grafted cultivar. ‘Guara’/Pilowred® had a reduced number of
proleptic shoots, while ‘Isabelona’ and ‘Lauranne’ presented medium values when grafted
onto Pilowred®. On the other hand, Rootpac® rootstocks showed a similar influence on
all cultivars. Combinations with Rootpac® 20 had an elevated number of proleptic shoots,
whereas those with Rootpac® 40 presented few proleptic shoots in general. Cultivars
grafted onto Rootpac® R displayed an intermediate number of proleptic shoots.

Table 2. Mean number of blind nodes, proleptic shoots, and sylleptic shoots on two-year-old branches
of 15 scion/rootstock combinations of almond tree.

Cultivar Rootstock
Blind Nodes Proleptic Shoots Sylleptic Shoots

Number SD Number SD Number SD

‘Isabelona’

Rootpac® 20 45.9 a 9.8 15.0 a 2.7 b 2.2
Rootpac® 40 45.9 a 18.8 4.3 b 3.7 9.4 b 7.4
Rootpac® R 46.9 a 11.3 6.1 b 2.9 2.6 b 2.4
Pilowred® 39.8 a 10.4 7.1 b 4.4 3.1 b 4.3
Garnem® 51.3 a 11.8 2.8 b 2.4 18.7 b 6.5

‘Guara’

Rootpac® 20 49.9 a 14.4 6.7 ab 4.3 0.4 c 1.0
Rootpac® 40 53.6 a 19.3 3.9 b 2.9 12.2 a 8.1
Rootpac® R 41.7 a 7.2 5.2 ab 4.8 3.4 bc 6.6
Pilowred® 45.7 a 9.7 4.1 b 4.7 0.4 c 1.3
Garnem® 43.1 a 9.8 11.9 a 7.2 11.5 bc 8.6

‘Lauranne’

Rootpac® 20 44.0 ab 7.5 11.2 a 12.8 0.6 c 1.3
Rootpac® 40 62.7 a 8.3 6.7 a 3.1 8.4 b 4.4
Rootpac® R 53.2 b 9.0 9.2 a 3.9 3.6 bc 3.0
Pilowred® 43.1 b 18.5 6.9 a 4.4 8.1 b 5.8
Garnem® 64.9 ab 13.7 15.1 a 8.1 19.3 a 8.9

Assessed with Tukey’s test. Values within columns followed by the same letter were not significantly different
(p < 0.05).

There was not much disparity among cultivars in the influence of rootstocks on the
number of sylleptic shoots. In all cultivars, combinations with Garnem® and Rootpac®

40 showed the highest number of sylleptic shoots (Table 2). On the contrary, cultivars grafted
onto Rootpac® 20 produced few or no sylleptic shoots. Combinations with Rootpac® R
also displayed a reduced number of sylleptic shoots across all cultivars. Only with scions
grafted onto Pilowred® were differences observed between cultivars. While ‘Isabelona’
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and ‘Guara’ had few sylleptic shoots grafted onto this rootstock, ‘Lauranne’ presented a
medium–high value.

3.3. Probability of Proleptic and Sylleptic Shoot Formation According to Nodal Position along
the Branch

Proleptic shoots on all three scion cultivars were recorded on two-year-old wood,
generally within the first 50 relative nodes, while sylleptic shoots were recorded on one-
and two-year-old wood along the whole branch (Figure 1). Rootstock genotypes had a
strong influence over branching probability, with little variation according to scion cultivar.
Combinations with Rootpac® 20 rootstock had mostly proleptic shoots, with relatively
few sylleptic shoots compared with scions on the other rootstocks. Scions grafted onto
Rootpac® 40 had numerous sylleptic shoots located throughout the whole branch. Rootpac®

R produced a scion with consistent branching all along the axis with proleptic shoots
primarily at the lower nodal positions and sylleptic shoots at the higher nodal positions.

Figure 1. Probability of proleptic and sylleptic shoot occurrence according to nodal position along
two-year-old branches of 15 scion/rootstock combinations of almond trees. Location of sylleptic
shoots was recorded on one- and two-year-old wood, while proleptic shoots were recorded only
on two-year-old wood. The probabilities of proleptic and sylleptic shoot formation at each node
were converted to their relative position and represented in a branch with 100 internodes. Internode
0 refers to the base of the branch and internode 100 refers to the apex.

Pilowred® presented more differences between cultivars than any other scion/rootstock
combination. While each of the three scion cultivars had similar branching probabilities
for proleptic shoots, mainly located in the first 50 relative internodes, ‘Guara’ trees on this
rootstock produced almost no sylleptic shoots, ‘Isabelona’ had a few more, and ‘Lauranne’
had numerous sylleptic shoots across the whole branch, especially in the section between
relative nodes 50 and 70. Scions grafted onto Garnem® rootstock produced numerous
sylleptic shoots, similar to Rootpac® 40 rootstock, but considerably more than the other
rootstocks. While all cultivars had similar distributions of sylleptic shoots, there were some
scion cultivar-specific differences in the distribution of proleptic shoots. ‘Isabelona’ trees
on Garnem® rootstock had few proleptic shoots in the first 30 relative nodes, while ‘Guara’
and ‘Lauranne’ presented significantly more proleptic shoots in the first 50 relative nodes
and beyond.
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4. Discussion

The dynamics of shoot development on two-year-old branches of young almond trees
grafted on a range of rootstocks has previously been described [17]. The original study
included thirty different combinations of five rootstocks and six scion cultivars. In this
current study, we selected combinations of five rootstocks and three cultivars (‘Isabelona’,
‘Guara’ and ‘Lauranne’) with contrasting phenotypes for further analysis. Of particular
interest was the pattern of sylleptic and proleptic axillary shoot production along the
two-year-old branches.

As expected, vigor-conferring rootstocks such as Garnem® and Rootpac® 40 increased
branch length. Branch growth is controlled by hormones, with gibberellic acid (GA),
ethylene (ET) and brassinosteroids (BRs) being essential in its regulation [18–21]. Here,
a differential hormonal activity must be exerted by the rootstock, explaining the varia-
tions between combinations. Nutrient uptake (nitrogen, in particular) and transport to
the scion could also be an explanation for this rootstock effect on vigor and branch devel-
opment [22–24]. In contrast, low vigor-conferring rootstocks Pilowred® and Rootpac® 20
showed a different effect. Trees grafted onto Pilowred® rootstock produced fewer nodes
(Nb_IN) but with a length (IN_L) similar to scions grafted onto non-dwarfing rootstocks
such as Garnem®. Combinations with Rootpac® 20 had a similar number of nodes as the
others, but they presented a reduced mean internode length (13.1, 13.9 and 17.1 mm). These
differences in internode development may be created by differences in the hormonal profile
of the scion cultivar, which is influenced by rootstock. Internode elongation is mainly
controlled by GA activity, although other hormones such as strigolactones (SL) or BRs
may be involved [25–28]. This rootstock effect on two-year-old branches is quite different
to our previous data on axillary shoot production along the trunk of the same trees. In
this case, scion cultivars grafted onto Pilowred® displayed shorter internodes than other
combinations [17]. While this result from our previous study may contradict the results
presented in this current study, it reflects the elevated complexity of tree architecture regula-
tion according to tree age and shoot position, which might be related to different hormonal
gradients within the tree, or a different effect of the environment on this hormonal profile.
Apple (Malus × domestica) trees show a similar response where rootstocks that confer a
more dwarfing response influence shoot growth on young trees while the less dwarfing
rootstocks do not affect shoot growth until much later [5,29].

Sylleptic shoot production was correlated with rootstock conferred vigor. Vigorous
rootstocks such as Rootpac® 40 and Garnem®, promoted the formation of sylleptic shoots.
On the other hand, proleptic shoots were present in high numbers in both combinations
with the vigor-conferring Garnem® and with the dwarfing rootstock Rootpac® 20. This
contradictory situation may be explained by a combination of apical dominance and
vigor, affecting shoot development. Apical dominance is where the shoot apical meristem
inhibits lateral bud outgrowth, favoring the development of the main axis [19,30]. Sylleptic
shoots develop/extend at the same time as the main axis, generally forming lower down
on the parent shoot and, therefore, leaving nodes near the shoot apex in a vegetative
state. In the next year or season of growth, the shoot apex distances itself from these
dormant vegetative buds, releasing them to form proleptic shoots, as we observed in the
‘Isabelona’/Rootpac® 20 or ‘Lauranne’/Rootpac® 20 combinations. In other cases, such
as the ‘Isabelona’/Garnem® or ‘Guara’/Rootpac® 40 combinations, we observed a high
number of sylleptic shoots and a reduced number of proleptic shoots. These phenotypes
might be explained by a process dominated by apical control, where distal shoots inhibit
the formation of new branches [19,31]. In these combinations, sylleptic shoots are produced
all along the two-year-old branch, inhibiting the development of proleptic shoots in the
next year of growth. Only those combinations that conjugated high vigor and weak apical
dominance had strong sylleptic shoot formation in the first year of growth, a process also
described in peach [32].

Gradziel [33] described that a desirable almond tree ideotype may present axillary
shoots equally distributed along the axis. In peach trees, floral buds are developed in higher
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numbers on proleptic shoots than sylleptic shoots [16]. This suggests that a commercial
ideotype should not produce too many sylleptic shoots as these might be at the expense of
fruiting. To avoid this phenotype, combinations of low vigor-conferring rootstocks with
weak apical dominance cultivars might be the best option. Although scions with strong
apical dominance such as ‘Isabelona’ develop multiple proleptic shoots when grafted onto
dwarfing rootstocks, these combinations typically develop few lateral branches and relocate
resources to the main axis [17]. In contrast, combinations with weak apical dominance,
such as ‘Lauranne’, with vigor-conferring rootstock, or Garnem® or Rootpac® 40, might
naturally develop excessive sylleptic branching that would require detailed and expensive
pruning to maintain high productivity in the orchard.

5. Conclusions

As with other aspects of almond tree architecture, proleptic and sylleptic shoot devel-
opment is significantly influenced by rootstock genotype. Apical dominance and apical
control have a crucial impact in differences observed between different scion/rootstock
combinations. Although these processes are initiated in the shoots, they appear to be
regulated by signals from the rootstock. Other processes related to vigor, such as hormonal
activity or nutrient assimilation, could also be rootstock-mediated influences of bud fate. It
is, therefore, important to study the biological processes occurring at the molecular level to
better understand how the scion/rootstock interaction specifically effects the architecture
of almond trees.
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