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Bud outgrowth is regulated by the interplay of multiple hormones, including auxin, cytokinin, strigolactones, and an
unidentified long-distance feedback signal that moves from shoot to root. The model of bud outgrowth regulation in pea
(Pisum sativum) includes these signals and a network of five RAMOSUS (RMS) genes that operate in a shoot-root-shoot
loop to regulate the synthesis of, and response to, strigolactones. The number of components in this network renders the
integration of new and existing hypotheses both complex and cumbersome. A hypothesis-driven computational model was
therefore developed to help understand regulation of shoot branching. The model evolved in parallel with stepwise
laboratory research, helping to define and test key hypotheses. The computational model was used to verify new
mechanisms involved in the regulation of shoot branching by confirming that the new hypotheses captured all relevant
biological data sets. Based on cytokinin and RMS1 expression analyses, this model is extended to include subtle but
important differences in the function of RMS3 and RMS4 genes in the shoot and rootstock. Additionally, this research
indicates that a branch-derived signal upregulates RMS1 expression independent of the other feedback signal. Further-
more, we propose xylem-sap cytokinin promotes sustained bud outgrowth, rather than acting at the earlier stage of bud

release.

INTRODUCTION

Axillary buds are found in the axils of leaves and can either remain
in a state of suspended growth or grow out to form branches. The
regulation of their outgrowth is a complex process that involves
crosstalk among multiple hormones and signals moving within
and between the root and shoot (Beveridge, 2000, 2006;
McSteen, 2009). It has long been established that the plant
hormones auxin and cytokinin are involved in this regulation;
strigolactones were recently added to this list (reviewed in Dun
et al., 2009; Leyser, 2009; McSteen, 2009).

Genetic studies have identified a number of genes involved in
shoot branching in a variety of plant species; many are orthol-
ogous. These include several RAMOSUS (RMS) genes in garden
pea (Pisum sativum), DECREASED APICAL DOMINANCE (DAD)
genes in petunia (Petunia hybrida), MORE AXILLARY GROWTH
(MAX) genes in Arabidopsis thaliana, and DWARF (D) and HIGH-
TILLERING DWARF (HTD) genes inrice (Oryza sativa) (Beveridge,
2006; Leyser, 2009; McSteen, 2009). Mutants for all of these
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genes are recessive and exhibit an increased branching pheno-
type.

Grafting studies demonstrated a function for shoot and root-
stock tissue in bud outgrowth and suggested that a subset of
genes (RMS1/MAX4/DAD1, RMS5/MAX3, MAX1, and DADG3)
were involved in the synthesis of an upward moving signal
(Beveridge, 2006) now identified as a strigolactone (Figure 1;
Gomez-Roldan et al., 2008; Umehara et al., 2008). Even though it
remains possible that the branch-inhibitory hormone is actually a
downstream product of strigolactones, here, we will refer to it
simply as a strigolactone. RMS5/MAX3/HTD1/D17 and RMS1/
MAX4/DAD1/D10 encode CAROTENOID CLEAVAGE DIOXY-
GENASE?7 (CCD7) and CCD8, respectively (Sorefan et al., 2003;
Booker et al., 2004; Snowden et al., 2005; Johnson et al., 2006;
Zou et al., 2006; Arite et al., 2007). This putative carotenoid
cleavage function was the key to the discovery that the branch-
inhibitory hormone was a strigolactone (Gomez-Roldan et al.,
2008; Umehara et al., 2008) because strigolactone biosynthesis
was suggested to require CCD enzymes (Matusova et al., 2005).
In Arabidopsis, MAX1 encodes a cytochrome P450 family mem-
ber that is thought to act downstream of CCD7 and CCD8
(Booker et al.,, 2005) in strigolactone biosynthesis (Gomez-
Roldan et al., 2008; Umehara et al., 2008).

In addition to genes involved in strigolactone biosynthesis,
grafting experiments indicated other genes are likely to be
involved in hormone response (RMS4/MAX2, RMS3, and
DAD2; Figure 1 Beveridge et al., 1996; Napoli et al., 1999;
Booker et al., 2005; Simons et al., 2007). Consistent with this, the
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Figure 1. Model for Bud Outgrowth Regulation in Pea.

RMS1 and RMS5 are involved in the biosynthesis of the upwards-moving
strigolactone branching inhibitor produced in the rootstock and shoot.
The response to strigolactones requires RMS3 and RMS4 in the shoot to
inhibit bud outgrowth and downregulate the feedback signal. The feed-
back signal, which is partly dependent on RMS2, is made in the shoot
and rootstock, moves downwards from shoot to rootstock, enhances
expression of RMS1 and RMS5, and reduces X-CK export from the
rootstock. The remaining interactions are based on this study. RMS3 and
RMS4 in the rootstock, acting independently from long-distance signals,
reduce RMS1 and RMS5 expression. When a bud is released to grow,
the shoot-derived signal moves downwards and enhances RMS7 and
RMS5 expression. X-CK moves upwards from the rootstock and pro-
motes growth of released buds. Flat-ended lines represent repression,
and arrowheads represent promotion. Large arrows represent directional
flow of signals in the plant. Solid lines represent interactions included in
both computational models, based on Beveridge (2006). New interac-
tions based on our findings are represented by dashed lines and are
included in the final computational model.

[See online article for color version of this figure.]

orthologous genes MAX2, RMS4, and D3 were found to encode
an F-box protein (Stirnberg et al., 2002; Ishikawa et al., 2005;
Johnson et al., 2006), of which some family members function
like receptors (e.g., Kepinski and Leyser, 2005). The requirement
of RMS4/MAX2/D3 for strigolactone response is also supported
by the finding that strigolactone treatments do not reduce
branching of the corresponding mutant plants (Gomez-Roldan
et al., 2008; Umehara et al., 2008). RMS3 and DAD2 sequences
are not yet known. However, the recently identified rice branch-
ing gene, D14 (Arite et al., 2009), is a good candidate for RMS3
and/or DAD2 as d14 is insensitive to exogenous strigolactone
treatments.

Pea grafting studies led Beveridge (2000) to propose a signal
dependent on RMS2 (sequence unknown) that moves in the
direction of shoot to root (Figure 1). This was named the feed-
back signal, and it was later demonstrated to be a positive
regulator of RMS7 and RMS5 expression (Foo et al., 2005;
Johnson et al., 2006) and a negative regulator for export of
xylem-sap cytokinin (X-CK) from roots (Beveridge et al., 1997a;
Beveridge, 2000; Morris et al., 2001). While auxin shares similar

properties with the feedback signal (Ongaro and Leyser, 2008), it
is likely that the feedback signal is distinct from auxin and that
both are involved in maintaining homeostasis in the shoot
branching regulatory network (discussed in Beveridge, 2000,
2006; Dun et al., 2009; Figure 1). The feedback signal was
suggested to be negatively regulated by the perception of
strigolactones (Figure 1; Foo et al.,, 2005) because various
mutants unable to produce or to respond to strigolactones
have reduced export of X-CK from the roots (Beveridge et al.,
1997a; Morris et al.,, 2001; Foo et al.,, 2007) and increased
expression of strigolactone biosynthesis genes (Foo et al., 2005;
Johnson et al., 2006; Arite et al., 2007; Hayward et al., 2009).
Such changes in the level of expression of strigolactone biosyn-
thesis genes are likely to affect shoot branching (Johnson et al.,
2006; Hayward et al., 2009).

Grafting studies with rms4 and the wild type indicate that X-CK
export from roots is essentially shoot regulated (Beveridge et al.,
1997b), whereas RMS1 expression is regulated by shoot and
root (Foo et al., 2005; Johnson et al., 2006). In general, X-CK and
RMS1 expression levels are anticorrelated; however, in double
mutants with rms2, such as rms2 rms4, both are increased
relative to the wild type (Foo et al., 2005, 2007). Without a method
to evaluate different hypotheses, it is not entirely clear how to
interpret this result.

In this study, we tested the interactions within the pea
strigolactone regulatory network, rather than the molecular
mechanism by which strigolactones inhibit bud outgrowth. The
recently reported network (e.g., Dun et al., 2009) for the regula-
tion of bud outgrowth in pea is represented in Figure 1. We seek
here to evaluate whether this convenient description is in fact
adequate to explain essentially all of the data available for this
aspect of shoot branching. Computational modeling methods
can provide an unbiased assessment of whether a hypothesized
network of interactions explains all biological data sets and can
help to predict new biological results and generate new hypoth-
eses (discussed in Forger et al., 2005). Since we cannot be
certain our line diagram (Figure 1, solid lines) represents a
network that captures all experimental data, we decided to
create computational models to evaluate and test its accuracy.
An additional aim was to use the computational models to help
guide our experiments to test key features of the regulatory
network. Consequently, it was important to develop a model that
explicitly represented the biological hypotheses. This approach
allowed us to ensure that our biological experiments were always
testing a set of biologically relevant hypotheses. Our continual
aim was to evaluate the models against all available and relevant
biological data sets. In other words, once our hypotheses com-
putationally conformed to all past results, we then tested them
with new biological experimentation. In this process, experi-
ments were sometimes needed to help us articulate completely
new hypotheses that might enable the model to capture the data.

In this article, we present an improved model for the regulation
of axillary bud outgrowth in pea. The model accounts for all new
and published data sets, which includes over 100 data points for
traits affected by long-distance signaling. These include branch-
ing phenotype, RMS1 gene expression, and levels of X-CK
exported from the root of plants of different graft combinations.
Importantly, the modeling method supported an iterative



process of hypothesis development, evaluation, and experimen-
tation that led to a new understanding of the network regulating
bud outgrowth in pea.

RESULTS

Initial Computational Models

To ascertain whether the published network (Figure 1, solid lines)
accounted for the branching phenotype, RMS1 expression, and
X-CK export from the rootstock in different grafting situations, we
created a computational model and evaluated it against all
published experimental data sets. First, detailed hypotheses
were determined based on the literature (Table 1; hypotheses
reviewed in Beveridge, 2006 and Dun et al., 2009). This study was
focused on shoot branching and long-distance signaling in
grafted wild-type and rms single and double mutant plants with
intact shoot tips. The function for apical auxin in the current bud
outgrowth regulatory network is not different between rms mu-
tant and wild-type plants (Beveridge, 2006) and is only apparent
in auxin-depleted (e.g., decapitated) plants. Due to our focus on
branching in intact plants, we have not specifically incorporated
arole for auxin in this study. We also have not included detail on
the molecular mechanism of strigolactone function, which might
involve local or short-distance auxin transport and interactions
with shoot-derived cytokinin (Leyser, 2009; Shimizu-Sato et al.,
2009).

In order to have a direct and obvious relationship between the
proposed network (Figure 1) and the computational model, a
minimum set of hypotheses was determined from the network
(Table 1) and represented as algebraic equations (Figure 2; see
Methods and Supplemental Methods online). For example, pro-
vided the RMS1 genotype is wild-type, the amount of RMS1
transcript is dependent on the amount of the feedback signal
(Table 1, hyp14); accordingly, the two model components, RMS71
genotype and the amount of feedback signal, were multiplied to
give the amount of RMS1 transcript (Figure 2). The values of 0 or
1 were given for the genotype (mutant or wild type), with the
outcome being that no product is produced in mutant plants. Ina
more complex example, we hypothesized that the level of the
feedback signal increases where the amount of strigolactone
decreases (Table 1, hyp17). As above, here and throughout the
model we have used an algebraic equation to reflect the ex-
pected relationship and trends (Figure 2). In this way, the com-
putational model showed trends and relationships but was not
intended to predict actual values. Using such a modeling ap-
proach, we avoided the use of a multitude of parameters. This is
because the relationships among the model outputs were com-
pared against the relationships within the biological data, rather
than comparing exact values (see Methods and Supplemental
Figures 1 and 2 online). The final model has only three param-
eters described as hypotheses 26 and 27 (Table 1). These
parameters can cover a very wide range of values without
affecting the modeling outcome (see Supplemental Table 1 on-
line). Inputs by the user are the genotypes and the graft combi-
nation, which changes the number of shoot and/or root
compartments (see Supplemental Methods online).

Strigolactone Branching Model in Pea 3461

The output from the model was the branching phenotype
(measured as level of perceived branching inhibition signal),
RMS1 expression, and rootstock X-CK for intact plants and for
each of the various possible graft combinations among the
genotypes, including I-grafts (one shoot and one rootstock) and
two-shoot and two-rootstock grafts. This output was compared
against available experimental data. The data from grafting
studies included 73 branching phenotypes, 20 rootstock X-CK
values, and RMS1 gene expression in rootstock and shoot for 14
graft combinations (see Supplemental Tables 2 to 4 and Sup-
plemental Figures 1 and 2 online).

Our initial computational model (based on the published
network; solid lines in Figure 1; Table 1, hyp1-26) captured all
previously reported branching phenotypes (listed in Supplemen-
tal Tables 2 to 4 online) and most trends in rootstock X-CK
content (see Supplemental Figure 1 online). However, as the
model did not include a separate function for RMS4 in the
rootstock (Table 1, hyp4A), the changes in RMS1 expression in
the rootstock of grafts between rms4 and the wild type (Foo et al.,
2005) were not captured by the model (see Supplemental Figure
2F online). We therefore implemented a new hypothesis in the
model: that RMS4 in the rootstock regulates RMS1 expression
independent of the RMS2-mediated feedback signal (Table 1,
hyp28), thereby repressing RMS1 expression in the rootstock
without enhancing rootstock X-CK export. This also required the
modification of hypotheses 3 and 4 (Table 1, hyp3B and 4B) to
incorporate RMS3 and RMS4 action in rootstocks. However,
because the model implemented the hypothesis that RMS2 is
required for the feedback signal (Table 1, hyp7), the normal levels
of X-CK export from wild-type rootstocks grafted to rms2 rms4
double mutant scions (Foo et al., 2007) and the higher than wild-
type RMS1 expression in rms2 rms4 and rms2 rms5 plants (Foo
et al., 2005) were not captured by this model (see Supplemental
Figures 1 and 2A online). As such, the hypothesis that rms2
mutant plants produce some functional product (Table 1, hyp27;
Foo et al., 2005) was also implemented. This enhanced interme-
diate model (incorporating hyp1-28 [with hyp3B and 4B] in Table
1) captured the published branching and X-CK export data as
well as maintaining the shoot phenotype relationships that were
represented in the original model (model not shown). However, in
this intermediate model, the higher than wild-type RMS7 ex-
pression in rms2 rms5 double mutant plants (Foo et al., 2005)
was still not captured (data not shown). We then set out to further
evaluate and test the model hypotheses (Table 1), particularly
those pertaining to RMS2 and the feedback signal, using a range
of experimental approaches commencing with strigolactone
response experiments.

Bud Outgrowth Response of rms Mutants to Strigolactone
Treatment Fits Model

To check that the model placed RMS2 and RMS3 correctly on the
strigolactone network (Figure 1), GR24 (synthetic strigolactone;
Akiyama et al., 2005) was applied directly to buds and their
growth measured. As found previously, GR24 inhibited the
growth of rms7 and rms5 buds and had no effect on the growth
of rms4 buds (Figure 3; Gomez-Roldan et al., 2008; Brewer et al.,
2009). As expected from the model (Figure 1), GR24 inhibited the
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Table 1. Model Hypotheses

Model

Hyp.

No. First Final Hypothesis Reference

1 X X RMS1 acts in the rootstock and shoot a, b

2 X X RMS?2 acts in the rootstock and shoot a

3A X RMS3 acts in the shoot only b, c

3B X RMS3 acts in the rootstock and shoot Figure 2, Supplemental

Figures 2 and 4

4A X RMS4 acts in the shoot only a, b, c

4B X RMS4 acts in the rootstock and shoot d, e

5 X X RMSS5 acts in the rootstock and shoot b

6 X X RMS1 regulates, or is required for, a signal that moves (a strigolactone or product) a, b, f

7 X X RMS2 controls or is required for the transport or synthesis of a signal that moves, a,d e g
named the feedback signal

8 X X RMS3 is involved in signal perception and/or transduction and does not move b,c,g,h

9 X X RMS4 is involved in signal perception and/or transduction and does not move b,c,g,h

10 X X RMSS5 regulates, or is required for, a signal that moves (a strigolactone or product) b, f

11 X X RMS1 and RMS5 together are required for strigolactones to be produced b, f

12 X X Strigolactones move upward only f, i

13 X X The feedback signal moves downward only g, k

14 X X The amount of feedback signal enhances RMS1 and RMS5 expression in the d, e
rootstock and shoot

15 X X RMS3 and RMS4 are required together for perception and/or transduction b, c, f, g, h, Figure 2,
of strigolactones Supplemental

Figures 2 and 4

16 X X The amount of strigolactone signal transduction determines amount of inhibition d, e f
of bud release

17 X X The feedback signal in the shoot and rootstock is produced at a constant rate that d, k
is reduced only in the shoot by the amount of RMS3 and RMS4 perception and/or
transduction of strigolactones

18 X X When two shoots are present, each receives the same concentration of strigolactones This study
as transported from the rootstock

19 X X When two rootstocks are present, each receives the same concentration of the This study
feedback signal as transported from the shoot

20 X X For signals that move down, the signal in the rootstock is equal to the source plus This study
the contribution from each shoot

21 X X For signals that move up, the signal in the shoot is equal to the source plus the This study
contribution from each rootstock

22 X X When two shoots are present, the concentration of the down signal is important, This study
so the concentration making it to the rootstock is the average of the concentration
from each shoot

23 X X When two rootstocks are present, the concentration of the up signal is important, so This study
the concentration making it to the shoot is the average of the concentration from
each rootstock

24 X X Signals moving between rootstock(s) and shoot(s) take time to move and hence This study
experience a delay from the time they are produced in their source to when
they arrive in their destination

25 X X Shoot- and rootstock-derived feedback signal reduces xylem sap cytokinin synthesis b, g,j, k
or export from the rootstock

26 X X The likely pathway for signals moving upwards (strigolactones) and downwards This study
(feedback signal) is the xylem and phloem, respectively, so signals moving
downwards would experience a greater proportion of loss or metabolism than
those moving upwards

27 X rms2 is a leaky mutation; when mutated, some functional gene product is produced d

28 X RMS3 and RMS4 act constitutively in the rootstock to reduce RMS7 and RMS5 Supplemental
expression in the rootstock only Figures 2 and 4

29 X Growing branches (those that are not inhibited) produce a signal, named the Figures 3 to 5
branch-derived feedback signal

30 X The branch-derived feedback signal moves downwards only Figures 3 to 5

(Continued)
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Table 1. (continued).

Model
Hyp.
No. First Final Hypothesis Reference
31 X The branch-derived feedback signal enhances RMS7 and RMS5 expression in Figures 3 to 5
tissues to which it is transported
32 X The amount of X-CK, relative to that in the wild type, determines the length of the Figures 6 to 8

branch; higher levels cause longer branches; lower levels cause shorter branches

Hyp. No. refers to the hypothesis number as referred to in the text. References:

2Beveridge et al. (1997a);
PMorris et al. (2001);
°Beveridge et al. (1996);
dFoo et al. (2005);
eJohnson et al. (2006);
fGomez-Roldan et al. (2008);
9Beveridge (2000);
"Napoli et al. (1999);
iFoo et al. (2001);

iFoo et al. (2007);
kBeveridge et al. (1997b).

growth of rms2 buds (P < 0.001) but did not restore outgrowth
inhibition to rms3 buds (Figure 3). The growth of wild-type buds
was also reduced significantly (P < 0.001). These results indicate
that the network correctly places RMS3 as being likely required
for strigolactone response (Table 1, hyp8 and 15) and RMS2 as
being involved in regulating strigolactone biosynthesis (Table 1,
hyp7 and 14).

Feedback: New Biological Data Supports Early Models

To understand feedback regulation further, we tested whether
strigolactone levels, rather than simply the ability to respond to
strigolactones (rms4/RMS4 genotype), may be important as
predicted by the model implementation (Table 1, hyp17). For
example, the model predicted that wild-type shoots should have
enhanced strigolactone biosynthesis gene expression when
grafted to strigolactone deficient rootstocks (see Supplemental
Figure 2C online). RMS1 expression was monitored via real-time
PCR in the scion and rootstock epicotyls of grafts between rms5
or rms4 and the wild type. An increase in RMS1 expression was
observed in wild-type scions when grafted to rms5 rootstocks
relative to wild-type self-grafted plants, even though both graft
combinations do not branch (see Supplemental Figure 3 online).
This is consistent with feedback upregulation of RMS1 expres-
sion in the shoot due to a lack of strigolactone supply from the
rootstock. Conversely, relative to wild-type self-grafted plants, a
decrease in RMS1 expression was observed in a wild-type scion
grafted to an rms4 rootstock (see Supplemental Figure 2E
online). This is consistent with functional feedback downregula-
tion in the shoot and is possibly due to an increased strigolactone
supply from the rms4 roots (Johnson et al., 2006). These exper-
iments support the model hypothesis that the feedback signal is
downregulated by the amount of RMS4-mediated strigolactone
response in the shoot (Figure 1, Table 1, hyp17).

Our intermediate model (model not shown; Table 1, hyp1-28)
predicted that rms3 and rms4 rootstocks should inhibit branch-

ing in wild-type scions more effectively than wild-type root-
stocks, even though intact and self-grafted rms3 and rms4 plants
are highly branched. Using plants grown in short days to enhance
branching in wild-type shoots, this was confirmed for both rms3
and rms4 rootstocks and could be attributed to high RMS7
expression in mutant rootstocks (Johnson et al.,, 2006; see
Supplemental Figures 2E, 2F, and 4 online). These data support
the hypotheses in the model that RMS3 and RMS4 both act in
strigolactone response and feedback regulation (Table 1, hyp3B,
4B, 8,9, 15, 17, and 28).

Developmental Regulation of RMS1 and RMS5 Expression:
Unpredicted Data

A major part of the model is that rms2 mutants branch due to
perturbed regulation of strigolactone biosynthesis genes (Table
1, hyp7, 14, 11, and 16). This is supported by gene expression
studies (mostly in young tissues; Foo et al., 2005; Johnson et al.,
2006) and the response of rms2 plants to exogenously supplied
strigolactone (Figure 3). We therefore sampled a broader range

RMS1,(x)=FS (x—1)xRMS1,  hypl, hypl4

2xRMS2,,
"1+ BIP.(x-1)

FS, (x)

hyp2, hyp7, hyp17

Figure 2. Calculation of RMS7 Transcript Level in the Shoot and the
Level of Feedback Signal in Shoot as Example Equations.

The equations were developed using the principles outlined in the
Methods and Supplemental Methods online and are based on the
hypotheses listed in Table 1. RMS1,4s and RMS2, are the shoot RMS1
and RMS2 genotype, respectively; BIPs is the branching inhibitor
(strigolactone) as perceived in the shoot by RMS3 and RMS4; RMS1,s
is the level of RMS1 transcript in the shoot; FS; is the level of feedback
signal in the shoot; x is the iteration number.
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Figure 3. Strigolactone Application Inhibits Growth of Torsdag Wild-
Type, rms1, rms2, and rms5 Buds but Has No Effect on the Growth of
rms3 or rms4 Buds.

Buds at the uppermost expanded node (12-15) of 33-d-old plants were
treated with 0 or 1 wM GR24 and their growth measured after 7 d. Data
are means = SE (n = 11 to 15).

of tissues to determine whether rms2 mutation always results in
low RMS1 expression (Table 1, hyp7 and 14). As strigolactones
likely move acropetally in shoots (Table 1, hyp12; Foo et al., 2001;
Gomez-Roldan et al., 2008), low RMS1 expression would be
expected in rms2 mutant plants throughout the stem axis and
root. Real-time PCR was performed on cDNA derived from 17-d-
old (slightly older than in previous experiments) wild-type, rms2,
rms4, and rms2 rms4 plants with six to seven expanded leaves.
RMS1 expression differences between wild-type and rms2 mu-
tants were not maintained in all tissues (Figure 4). In these
relatively tall plants, we observed relatively low RMS1 expression
in upper internodes of the rms2 mutant compared with the wild
type, as reported previously (Foo et al., 2005). This difference
became less apparent at lower positions with, unexpectedly, no
difference observed between rms2 and the wild type at internode
1 or below (Figure 4). By contrast, as expected, RMS1 expres-
sion in the rms4 mutant was consistently higher in all tissues
examined relative to the wild type (Figure 4).

Another effect of tissue type on genotypic differences was
observed for comparisons between rms2 rms4 double mutant
plants and the wild type. RMS1 expression in rms2 rms4 double
mutant plants was increased compared with the wild type in
lower tissues, as in previous studies (Foo et al., 2005), but this
difference was reversed in the young aerial tissues of these 17-d-
old plants (Figure 4).

These results were not captured in the models developed to
this point (see Supplemental Figures 2A and 2B online; interme-
diate model not shown) and were not easily explained based on
these data. In particular, the near-wild-type RMS1 expression in
lower internodes and roots of rms2 plants is not consistent with
previous observations that RMS7 expression is low in rms2
plants and our suggestion that strigolactone deficiency is the
cause of shoot branching in these plants. To evaluate this
potential evidence against low RMS17 expression being the
cause of branching in rms2 plants, another experiment was
conducted to examine the regulation of RMS7 expression in
rms2 mutants throughout development.

RMS1 expression was monitored in the uppermost expanding
internode and epicotyl of wild-type, rms2, and rms4 plants of
different ages (Figure 5). RMS1 expression in the uppermost
expanding internode was always lower in rms2 plants compared
with the wild type (Figure 5A) regardless of plant age. By contrast,
RMS1 expression in epicotyls differs between rms2 and the wild
type only at early time points (Figure 5B). The time from which
RMS1 expression was not reduced in rms2 epicotyls corre-
sponds to the time when a significant branch (10.58 = 1.02 cm at
day 19) was growing at node 2 (above the epicotyl). Obviously,
these high RMS1 expression results were not captured by the
intermediate computational model (data not shown; Table 1,
hyp1-28).

The occurrence of a branch coinciding with increased RMS1
expression in rms2 plants led us to hypothesize that growing
branches produce a signal that moves only downwards into the
main stem and enhances RMS1 expression (Table 1, hyp29-31).
In support of these hypotheses and a developmentally depen-
dent strigolactone deficiency in rms2 plants, rms2 buds can
respond to exogenous strigolactone (Figure 3). The reduction in
RMS1 expression early in development, consistent with reduced
strigolactone levels at that stage, may explain why intact rms2
plants mainly branch at the basal nodes that are established early
in development (Beveridge et al., 1994; Ferguson and Beveridge,
2009). As the plant ages and begins to branch, RMS1 expression
in the epicotyl of rms2 mutants increases to wild-type levels
(Figure 5B). This presumably enhances strigolactone biosynthe-
sis and transport up the shoot (Table 1, hyp17 and 72), thereby
suppressing further aerial branching. Indeed, rms2 plants do not
exhibit much aerial branching compared with rms3 or rms4
plants unless the basal branches are removed (Beveridge et al.,
1996; Ferguson and Beveridge, 2009).

Hypotheses related to branches causing upregulation of
RMS1 expression at positions below the branch (Figure 1,
dashed lines; Table 1, hyp29-31) were implemented in a new
model. This new model fully reflected the new and old data (see
Supplemental Figures 1, 2, and 5 online). We were therefore in a
position to test these hypotheses experimentally. In particular,
the model now predicted that RMS7 would be expressed at wild-
type levels in rms2 shoot tissue below the site of branches and
would have low expression levels in rms2 shoots where branch-
ing was inhibited by grafting to wild-type rootstocks (see Sup-
plemental Figures 5D and 5E online).

Verification of New Long-Distance Regulation
Hypotheses (hyp29-31)

We conducted an independent experiment to evaluate and test
the new model incorporating the hypotheses on branches reg-
ulating RMS1 expression (Table 1, hyp29-31). We used rms2 and
wild-type grafting, which causes branching inhibition in rms2
shoots (Beveridge et al., 1994), and quantified RMS1 expression
in scion epicotyls to observe whether these nonbranched rms2
shoots would now have low RMS1 expression, like nonbranched
young rms2 seedlings. RMS1 expression was severely depleted
in the young expanding internodes of rms2 scions whether they
were grafted to the wild type (nonbranched) or not (branched)
(Figure 6A). As predicted, RMS1 expression was also severely
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Figure 4. RMS1 Expression Relative to the Internal Reference Gene 78S in Different Tissues of 17-d-Old Wild-Type, rms2, rms4, and rms2 rms4 Plants

with Six to Seven Leaves Expanded.

Tissues harvested are as shown (left) and are whole roots (R); the uppermost 12 mm of epicotyl (E), internode 1 (1), internode 3 (I3), internode 5 (15), and
internode 6 or 7 (17); oldest true leaf (at node 3; OL); youngest fully expanded leaf (at node 6 or 7; YL); and the apex (inside the unexpanded leaves at
node 9 or 10; A). Data are averages = SE of two biological replicates of 12 plants, except for leaves (eight plants) and roots (four plants). The < indicates
data points where the transcript abundance was below the limit of detection.

depleted in epicotyls of rms2 scions grafted to the wild type and
was closer to wild-type levels in rms2 self-grafts (Figure 6B).
These results support the new hypothesis that branches in an
rms2 scion cause an upregulation of RMS7 expression in the
stem (Table 1, hyp29-31).

Next, we sought to test if bud outgrowth could be inhibited by
elevating RMS1 expression in basal tissues of rms2 plants.
Double mutant rms2 rms4 epicotyls have high RMS1 expression
(Foo et al., 2005; Figure 4), and the model predicted that this
would be maintained when grafted to rms2 scions. As predicted,
rms2 rms4 rootstocks substantially reduced total lateral bud
outgrowth (reported as total lateral length, which is the sum of the
lengths of all lateral buds and branches on the main stem; P <
0.001; Figure 7A) and the number of buds >2 mm in length (P <
0.001; Figure 7B) in rms2 scions compared with rms2 scions
grafted to rms2 rootstocks. As expected, rms2 rms4 double
mutant self-grafts branched more than rms2 self-grafts (P <
0.001), and rms4 rootstocks were more effective inhibitors of
branching in rms2 scions than wild-type rootstocks (Figure 7;
Beveridge et al., 1996). These results indicate that branching can
be inhibited in an rms2 plant by increasing RMS1 expression in
the rootstock; hence, branches may inhibit other branches
through this mechanism (Table 1, hyp29-31). This further sup-
ports the hypothesis that the reduced RMS1 expression in young

tissues of rms2 plants contributes to their increased basal
branching phenotype.

High X-CK Might Promote Sustained Bud Growth

The differences observed between the ability of wild-type, rms4,
and rms2 rms4 rootstocks to inhibit bud release and subsequent
branch growth (Figure 7) revealed an additional intriguing finding.
Mutant rms2 rms4 rootstocks displayed an increased ability to
inhibit the initial release of buds in rms2 scions compared with
wild-type rootstocks (Figure 7B), whereas wild-type rootstocks
were better than rms2 rms4 rootstocks at reducing their subse-
quent growth (Figure 7A). These results suggest that X-CK
content, which is relatively high in rms2 rms4 rootstocks com-
pared with the wild type (Foo et al., 2007), might promote
sustained branch growth (Table 1, hyp32). By contrast, strigo-
lactones may predominantly inhibit the initial release of a bud
(Table 1, hyp16). Consistent with this, despite strigolactone
insensitivity (Figure 3; Gomez-Roldan et al., 2008), not all rms4
buds grow out into branches, possibly due to the low X-CK
(Beveridge et al., 1997b) being limiting. However, strigolactone-
insensitive rms2 rms4 double mutant plants (see text below) form
more and longer branches (Figure 7; Murfet and Symons, 2000;
Foo et al., 2007), possibly due to the higher X-CK content (Foo
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Figure 5. RMS1 Expression Relative to 78S in the Expanding Internode
and the Epicotyl of Wild-Type, rms2, and rms4 Plants of Different Ages
Harvested on the Same Day.

RMS1 transcript abundance was below the level of detection in the
expanding internode (A) of rms2-1 plants for 6-d and 13-d data points.
Data for the epicotyl are shown in (B). Data are averages *= SE of two
biological replicates of five to seven plants.

et al., 2007) sustaining their outgrowth. Mutant rms2 rms4 plants
do not respond to strigolactone treatment; after 7 d, rms2 rms4
buds treated directly with 1 uM GR24 grew 11.19 = 3.71 mm,
while comparable buds treated with 0 uM GR24 grew 9.17 =
1.70 mm. This function for X-CK in promoting sustained branch
growth, but not bud release, and strigolactone in inhibiting bud
release is consistent with the bud outgrowth phenotypes of all
other graft combinations (e.g., with rms2 rootstocks); such graft
combinations increase X-CK supply but do not increase bud
release in wild-type shoots (Beveridge et al., 1996; Beveridge,
2000).

A two-shoot grafting experiment was used to investigate the
hypothesis that increased X-CK export from roots promotes
sustained branch growth after initial release (Table 1, hyp32). For
this, rms2 scions and rootstocks were used due to their en-
hanced X-CK content (Foo et al., 2007). rms4 strigolactone-
signaling mutant scions, which have released buds, were used to
measure the response to increased X-CK. The computational
model incorporating the effect of X-CK on bud growth (Table 1,
hyp1-32) predicted that the branches on these rms4 shoots
(grafted to rms2 rootstock and shoot) should be longer than in
controls grafted to rms4. To reduce factors such as competition
between shoots of unequal origin (Bangerth, 1989), we devel-
oped a two-scion grafting technique in which two equal scions

were wedge-grafted to one rootstock. Total lateral outgrowth
and the number of branches in the rms4 scion grafted with an
rms2 scion and rms2 rootstock were indeed increased in com-
parison to rms4 self-grafted plants (P < 0.001; Figures 8A and
8B). This result supports the hypothesis that high X-CK promotes
sustained branch growth after buds have already been released
to grow (Table 1, hyp32), such as in a strigolactone-response
mutant plant. When this hypothesis was implemented, the
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Figure 6. RMS1 Expression Relative to 78S in the Expanding Internode,
Scion Epicotyl, and the Rootstock Epicotyl of Wild-Type and rms2 Grafts
17 d after Grafting.

Data are means = SE of three biological replicates of 8 to 11 plants. The
“v” indicates data points where the transcript abundance was below the
limit of detection. As found previously (Beveridge et al., 1994), rms2 self-
grafts were the only graft combination that branched; all other combi-
nations had near-wild-type branching phenotypes. Expanding internode
(A), scion epicotyl (B), and the rootstock epicotyl (C).
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computational model (Table 1, hyp1-32) captured the branch
length data for the grafts presented here.

In a more direct test of the hypothesis that X-CK promotes
sustained bud growth (not initial bud release; Table 1, hyp32), we
supplied 0 or 9.35 wM 6-benzylaminopurine (a cytokinin) to the
vascular stream of wild-type and rms4 strigolactone response
mutant plants. In the wild type, this X-CK treatment caused little
outgrowth (Figure 9). By contrast, it caused the released buds to
grow considerably longer in rms4 plants (P < 0.001; Figure 9).
Again, this supports the hypothesis that X-CK affects the growth
rather than initial release of buds (Table 1, hyp32).

The two-shoot plants also enabled us to evaluate predictions
of the model (Table 1, hyp7-32) on signaling between different
shoots. The model predicted that feedback signaling induced in
one scion can upregulate strigolactone production in the root-
stock to reduce branching in the other scion (Table 1, hyp12, 13,
14, 16, 18, and 217). Indeed, when grafted with rms2 rootstocks
and rms2 scions, rms4 and wild-type scions both reduced
branching in the rms2 scions (Figure 8A). The rms4 scion
displayed a greater ability to inhibit bud release than did the
wild-type scion (Figure 8B). According to our hypotheses (Table
1, hyp14, 16, 17, 25, and 32), and consistent with the imple-
mented model output, the reduction of branching in the rms2
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scion was due to an increase in strigolactone supply and a
decrease in X-CK (both of which are more greatly affected in
these grafts with rms4 rootstocks than with wild-type rootstocks
due to feedback regulation). Conversely, we observed that bud
outgrowth was enhanced in a wild-type scion by grafting it with
an rms2 scion and an rms2 rootstock (Figure 8B). The compu-
tational model predicts that strigolactone supply to the wild-type
scion is reduced in this graft combination accounting for the bud
release observed.

Implications for Our Understanding of Bud Outgrowth

Collectively, our data support three new concepts of bud out-
growth regulation: (1) RMS4 in the rootstock negatively regulates
RMS1 expression independent of the feedback signal in the
rootstock (Table 1, hyp28). (2) Growing branches upregulate
RMS1 expression in tissues below the site of branch growth,
regardless of the RMS genotype (Table 1, hyp29-37). (3) X-CK
exported from the rootstock to the shoot promotes branch length
in buds that have already been released to grow (Table 1, hyp32).

By incorporating these new hypotheses based on new results
presented here together with results from previous studies, we
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Figure 8. Branching Phenotype of Two-Scion Grafts among rms2, rms4,
and Wild-Type Seedlings Measured 57 d after Grafting.

Data are means *+ SE (n = 17 to 33). Notation is scion.scion/rootstock.
Total lateral length of scions (A); number of buds or branches >2 mm in
length (B). 2, rms2; 4, rms4.
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Figure 9. rms4 Buds Are More Responsive to Cytokinin Than Are Wild-
Type Buds.

Bud growth at node 3 was measured 8 d after 0 or 9.4 pM 6-benzyl-
aminopurine (BA) was supplied to the vascular stream below node 3 when
the plants had three to four leaves expanded. Growing buds at other nodes
were not removed. Data are means *+ SE (n = 10).

have developed a model of the genetics and physiology of long-
distance branch regulation in pea. The model accurately predicts
branching phenotypes, trends in rootstock X-CK content, and
trends in RMS1 expression in the shoot and rootstock (above
and below branches) in the wild type and each of the rms
branching mutant lines whether they are intact or grafted.

DISCUSSION

Previous studies describing branching in pea have failed to
account for all of the phenotypes and available data. The network
proposed here (Figure 1), which is supported by a computational
model, conserves key features of the previously published net-
works (Beveridge, 2000) and also explains all relevant new and
published data. The model development involved an iterative
process of experimental analysis and model improvement.
Through this process, we made three main findings. First,
RMS3 and RMS4 function in the rootstock and constitutively
reduce RMS1 expression. Second, growing branches upregu-
late RMS1 expression in tissues below the site of branch growth
via an RMS2-independent long-distance signal and thus can
inhibit the outgrowth of axillary buds above via strigolactones.
This mechanism contributes substantially to our understanding
of the inhibition of axillary buds by other larger branches. Third,
X-CK exported from the rootstock to the shoot increases the
growth (but not release) of uninhibited buds (Figure 1, dashed
lines). This also supports the notion of stages of bud outgrowth
(reviewed in Dun et al., 2006). The computational model was
essential in guiding our experiments and facilitated us reaching
this point of increased understanding of shoot branching.

RMS1 Expression Is Feedback Regulated by Two
Independent Signals

Computational modeling of the feedback signaling in pea plants
demonstrated the requirement for two feedback signals. In
addition to the previously described RMS2-dependent feedback
signal, an RMS2-independent (branch-derived) feedback signal
is required. Both of these feedback signals were required for the

model to capture the RMS1 expression trends in grafts between
rms2 and the wild type (see Supplemental Figures 5D and 5E
online) and in the double mutants rms2 rms4 and rms2 rms5 (see
Supplemental Figure 5B online). Without the inclusion of both
signals, the expression of RMS1 in rms2 plants could not be
explained.

The regulation of RMS1 expression by both of the feedback
signals appears to play an important role in bud outgrowth. This
is clearly demonstrated by the analysis of RMS1 expression in
the rms2 mutant (Figures 4 to 6). rms2 plants branch mainly at
basal nodes, with little aerial branching, albeit usually more than
the wild type (Beveridge et al., 1994; Ferguson and Beveridge,
2009). This is in contrast with the rms4 strigolactone-response
mutant that branches strongly at both basal and aerial nodes
(Ferguson and Beveridge, 2009). The rms2 branching phenotype
can be explained by the lack of the RMS2-dependent feedback
signal, which results in low RMS1 expression, and presumably
low strigolactone levels, in young seedlings early in development
(Figures 4 and 5). The growing branches cause increased RMS1
expression in older rms2 plants (Figures 4 to 6), which presum-
ably results in increased strigolactones moving up the stem to
suppress aerial branching.

The importance of the branch-derived feedback signal be-
comes apparent when the growing basal branches are removed
from rms2 plants. If the growing basal branches are removed
from rms2 shoots, buds at proximal higher nodes grow out into
branches (Beveridge et al., 1996; Ferguson and Beveridge,
2009). This is presumably due to removal of the branch-derived
signal and, hence, depleted RMS1 expression and strigolactone
levels. By contrast, while a response to basal branch removal is
also observed in rms4 shoots (Ferguson and Beveridge, 2009),
branch length, rather than bud release, is increased. As dis-
cussed later, this could be due to limited X-CK.

The long-distance feedback signaling is intriguing and
prompts the search for the mobile compound(s) responsible.
There are a number of similarities between auxin function and
feedback signaling in that both promote strigolactone biosyn-
thesis gene expression (Sorefan et al., 2003; Foo et al., 2005) and
negatively regulate X-CK export from roots. However, at least in
pea, auxin and the RMS2-dependent feedback signal differ in
their magnitude of effects (discussed in Dun et al., 2009). By
contrast, it is likely that auxin is a more dominant regulator of
strigolactone biosynthesis gene expression in Arabidopsis than
the feedback signal is (Hayward et al., 2009). By showing that two
long-distance signals are required for long-distance feedback
regulation in pea, we can postulate that one signal is auxin and
the other, which we term the feedback signal (Figure 1), is
currently unknown (Dun et al., 2009; Hayward et al., 2009).

A likely candidate for the branch-derived signal is auxin, as
growing branches are known to export auxin into the main stem
(Morris, 1977; Li and Bangerth, 1999; Ongaro and Leyser, 2008).
By contrast, it should be noted that the signal we refer to as the
feedback signal (Figure 1) is produced regardless of bud devel-
opment and is therefore less likely to be correlated with stem
auxin levels (Foo et al., 2007). If the branch-derived signal is
auxin, it implies that rms2 mutant plants can respond to the
relevant auxin concentration; hence, rms2 is unlikely to be an
auxin response mutant.



Interestingly, the levels of indole-3-acetic acid (an auxin) are up
to 4.4-fold higher in young apical rms2 mutant shoots compared
with wild-type shoots, even when branching is inhibited by
grafting to a wild-type rootstock (Beveridge et al., 1994). Thus,
in these young rms2 tissues, indole-3-acetic acid levels are
inversely proportional to RMS1 expression (Figures 4 to 6). The
relationship between feedback, auxin content in whole inter-
nodes of rms2 plants, auxin supply to the main stem from
branches, and RMS1 expression therefore remains a little un-
clear. The role of auxin transport needs to be investigated in this
context. A computational model was recently published that
proposed that strigolactones inhibit shoot branching by affecting
auxin transport properties and, hence, competition between
auxin sources (shoot tip and axillary bud; Prusinkiewicz et al.,
2009).

Previously, it was demonstrated that the long-distance feed-
back signal is upregulated in situations where strigolactone
response is reduced, such as by rms4 mutation (Foo et al.,
2005; Johnson et al., 2006). Here, we confirm that this is also the
case when strigolactone levels (and, hence, response) are al-
tered (see Supplemental Figures 2E and 3 online). Consistent
with this, treatment with the strigolactone analog GR24 causes
downregulation of D10 (Os RMS1) gene expression in wild-type
or strigolactone-deficient rice plants, but not in strigolactone-
response mutant plants (Umehara et al., 2008). Future studies
should investigate whether this strigolactone-induced feedback
downregulation can occur over a long distance and whether
it can also act more directly to regulate RMS7 expression
(Hayward et al., 2009).

The modeling process also supported the notion of local
RMS2-independent feedback regulation of RMS7 expression,
particularly in the rootstock. Future studies of strigolactone
response should test whether local feedback regulation of
RMS1 expression is mediated directly via local strigolactone
signaling. For strigolactone-responsive shoots, the model also
supports a correlation between levels of RMS1 expression and
branching phenotypes and suggests that RMS2 is not an abso-
lute requirement for strigolactone biosynthesis (Figures 4 to 7;
see Supplemental Figure 4 online).

X-CK Promotes Sustained Branch Growth

It is likely that local cytokinin biosynthesis may be an important
regulator of bud outgrowth (Béhner and Gatz, 2001; Tanaka
et al., 2006; Ferguson and Beveridge, 2009; Shimizu-Sato et al.,
2009). However, a function of root-derived X-CK in mediating
bud outgrowth has previously been considered unlikely as cyto-
kinin overproducing rootstocks do not appear to promote
branching in wild-type nonbranching shoots (Faiss et al., 1997).
Here, we provide several lines of evidence that suggest that the
supply of X-CK to axillary buds is important for their growth, once
released.

The computational model incorporating all hypotheses dis-
cussed herein, including a role for X-CK in promoting sustained
growth of released buds (Table 1, hyp1-32), predicted the longer
branch lengths of particular plants. The increased branching
phenotype of rms2 rms4 double mutants compared with the
single mutant plants correlates well with the elevated X-CK
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caused by the rms2 mutation and the defective strigolactone
response caused by the rms4 mutation (Figure 7; Foo et al.,
2007). Importantly, we found that increasing X-CK supply to the
shoot, either by grafting or a X-CK treatment method, increased
bud growth in rms4 strigolactone response mutant plants, but
had little effect on wild-type plants (Figures 8 and 9). Previous
grafting studies have shown that increased X-CK has no effect on
bud release in wild-type shoots (Beveridge et al., 1996; Beveridge,
2000), presumably because wild-type buds are not yet respon-
sive to X-CK as they are not yet released. By comparing the
number of buds released to grow into branches and the length of
branches (Figures 7 and 8), it appears that strigolactones are
involved in bud release, and X-CK is involved in promoting
sustained branch growth (Figure 1). Limited X-CK levels might
explain why all rms4 buds do not grow into long branches
(Beveridge et al., 1996) and why branches at aerial nodes are
able to grow longer in response to the removal of basal branches
(Ferguson and Beveridge, 2009). This study provides a clear
hypothesis that needs evaluation via localized hormone mea-
surements and a thorough investigation of different modes of
cytokinin delivery. It is very important to note that despite
alterations in X-CK export from roots, overall shoot cytokinin
content is unchanged in pea rms2 and strigolactone biosynthesis
and response mutant plants (Foo et al., 2007). However, cellular
differences in cytokinin levels may be revealed in future studies.

The function of X-CK in branch growth, but not in the initial
release of buds to grow, supports the conceptualization of bud
outgrowth as a number of distinct developmental stages (Dun
et al., 2006). The developmental identity of individual axillary
buds will be an important feature of future models aimed at
representing the response to auxin perturbing treatments. In
these instances, buds at older, basal nodes may have a different
response to these treatments than the buds at younger nodes
(Ferguson and Beveridge, 2009).

Modeling

Many modeling approaches rely on the availability of highly
detailed quantitative knowledge about the system (Bolouri and
Davidson, 2002; de Jong, 2002). Unfortunately, this renders
some approaches difficult to apply to some biological systems
due to a shortage of biological information. Some methods deal
with the lack of detailed information by searching for parameters
that give the model the best fit to biological data (Locke et al.,
2005). This allows the network structure (e.g., interactions be-
tween signals) to remain the focus. However, the development of
suitable equations still requires knowledge of the nature of
interactions. This information is not yet available for shoot
branching. More abstract modeling approaches can require
less detailed information and have been successfully used to
model regulatory networks (Espinosa-Soto et al., 2004; Wenden
et al., 2009). Here, we developed a modeling method that is well
suited to the genetic and physiological data available for branch-
ing in pea. Moreover, the approach we have used is not depen-
dent on modifying several parameters to reach the desired
output. Rather, the output is compared directly with the ex-
perimental data in much the same way as one would com-
pare experiments that use different conditions or genetic
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backgrounds, but for which the central points of comparison
remain the same. In the model, there are only three variable
parameters; they are explicitly based on hypotheses (Table 1,
hyp26, 27) and can take on a wide range of values without
affecting the model outcome (see Supplemental Table 1 online).

Through modeling we have successfully demonstrated that
the hypotheses implemented (Table 1, hyp71-32) as a set are
indeed valid explanations of the broad data sets against which
the model was evaluated. This is now a solid framework through
which we may continue to evaluate new hypotheses or modify
existing ones. This hypothesis-driven modeling approach has
proved invaluable in deriving new hypotheses and insightful
biological experiments to test them. The beauty of this approach
is that each and every aspect of the model is intrinsically linked to
biological hypotheses. In contrast with empirical models that can
capture only correlations, this model captures the mechanisms
explicitly.

This hypothesis-driven modeling approach does not seek to
find all possible networks that may explain the data sets or
system. Having created a single model that adequately captures
all existing biological data sets, we have mathematically and
computationally articulated one potential solution for the net-
work. As mentioned above, the most useful feature of this model
is its explicit link to relevant biological hypotheses. New hypoth-
eses or new relationships can be easily evaluated in the context
of this existing model framework.

Many features of the pea branching network appear to be
conserved in other species (Beveridge, 2006; Foo et al., 2007;
Simons et al., 2007; Hayward et al., 2009), meaning this com-
putational model may have broad relevance. We can also con-
sider modifying the model to test whether changing the relative
importance of interactions in the system will allow us to essen-
tially convert the pea network to one for Arabidopsis or rice, for
example. In this case, particular hypotheses may be removed,
such the long-distance feedback signal (Table 1, hyp2, 7, 13, 14,
17,25, and 27), to determine if this is a better explanation of the
biological data generated using Arabidopsis. A future application
of this modeling approach will include incorporation of molecular
data on auxin signaling and response, in addition to stages of
bud outgrowth. In the context of auxin and long-distance sig-
naling, this will add considerable further complexity to the model.
Our correlative studies on stem auxin depletion after decapita-
tion demonstrate that buds at basal nodes can respond to
decapitation well before the corresponding depletion in apical
auxin supply could have reached the node (Morris et al., 2005).
Considerable biological experimentation is clearly also required.

METHODS

Plant Material and Growth Conditions

For all experiments, unless otherwise specified, pea (Pisum sativum)
plants were grown as described by Ferguson and Beveridge (2009). The
wild-type cultivar was Torsdag (L107), and the mutant lines introduced
into Torsdag were rms1-2 (rms1-2T), rms2-1 (K524), rms3-1 (K487), rms4-1
(K164; Beveridge et al., 1996), rms5-3 (BL298; Morris et al., 2001), and
rms2-1 rms4-1 (BL24; Murfet and Symons, 2000).

Nodes were numbered acropetally from the first scale leaf, and lengths
of lateral branches and buds at each node were recorded to the nearest

0.1 mm using digital calipers and summed to form the total lateral length
for the scion (scions in the case of two-scion grafts).

A Student’s t test was used to test for statistical significance in
experiments.

Grafting

Grafts were performed using the epicotyl-epicotyl wedge graft technique
on 7-d-old seedlings as described by Beveridge et al. (1994). The two-
scion grafting technique was based on the epicotyl-epicotyl wedge graft
technique, but with two scions wedge grafted to the one rootstock, grown
at one per 2-liter pot.

Hormone Treatments

Ten microliters of solution containing 0 or 1 uM GR24 (synthetic
strigolactone) with 2% polyethylene glycol 1450, 50% ethanol, and
0.2% acetone was applied directly to test axillary buds. All other growing
axillary buds at nodes below were removed to encourage the growth of
the test bud.

Solutions (1.5 mL) containing 0 or 9.35 uM 6-benzylaminopurine and
5.2% ethanol were supplied to the vascular stream of the main stem as
described by Gomez-Roldan et al. (2008).

Real-Time PCR Gene Expression Analyses

Total RNA was isolated and quantified as described by Ferguson and
Beveridge (2009). cDNA was synthesized in a 20-p.L reaction volume with
0.9 to 2.4 pg total RNA (depending which experiment), 250 ng random
hexamers (Invitrogen), 0.5 mM deoxynucleotide triphosphate (Invitrogen),
2.5 mM oligo(dT) (Promega), 5 mM DTT (Invitrogen), 1X first-strand
buffer, and 100 units Superscript Il reverse transcriptase (Invitrogen)
incubated at 52°C for 60 min and 70°C for 15 min. cDNA was checked via
PCR and gene expression analyses performed as described by Ferguson
and Beveridge (2009).

For the expression profile (Figure 4), each reaction contained 3 uL
SYBR Green 2X Master Mix (Applied Biosystems), 10 ng of cDNA, and
200 nM of each gene-specific primer pair, with a final volume of 6 pL. For
the age profile (Figure 5) and rms2 grafting (Figure 6) experiments, each
reaction contained 5 pL SYBR Green 2X Master Mix (Applied Biosys-
tems), 16 ng of cDNA, and 400 nM of each gene-specific primer pair, with
a final volume of 10 pL. These reagents were aliquoted to each well of the
384-well plate by an Eppendorf epMotion 5075 liquid handler.

Primer sequences used were as follows: RMS1 forward (5'-AAG-
GAGCTGTGCCCTCAGAA-3’) and RMS1 reverse (5'-ATTATGGAGAT-
CACCACACCATCA-3") (Foo et al., 2005); 78S forward (5'-ACGT-
CCCTGCCCTTTGTACA-3’) and 18S reverse (5'-CACTTCACCGGAC-
CATTCAAT-3’) (Ozga et al., 2003). Error bars represent biological
standard error.

Modeling

The modeling method followed the general approach of hypothesis and
model formulation, verification, and calibration (Haefner, 2005) and is
similar to that reported by Wenden et al. (2009). Hypotheses were
formulated and translated to mathematical terms in the program L-Studio
version 4.18 (University of Calgary, Canada). Although not required for
this study, L-Studio is based on the principals of the rule-based formalism
L-systems (Lindenmayer systems), which lend themselves to visualiza-
tion of plant structure (Prusinkiewicz, 2004). Algebraic equations were
used to represent network interactions affecting each model component
using a limited number of parameters (see Supplemental Table 1 online).
As an input to the model, for each graft combination, genotypes of each
gene in the shoot(s) and rootstock(s) were assigned a value of 1 for the



wild-type state or O (or slightly greater than 0) for the null (or leaky) mutant
state. All model components were initially assigned a randomly selected
value between 0 and 1. The algebraic equations were then iterated until a
steady state was reached for the branching inhibition output (example in
Supplemental Figure 6 online). In order to compare the model output to
the biological data sets, all data sets were divided into classes. For
example, graft combinations were divided into three classes for their
branching phenotype: a wild-type branching phenotype, rms branching
phenotype, and an intermediate branching phenotype. Model output was
compared with the biological data by checking that the groupings were
correct for branching inhibition, RMS1 expression, and X-CK levels.

See Supplemental Methods online for further details on the formulation
of hypotheses and algebraic equations and the comparison of the model
output to biological data.

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL
database under the following accession numbers: AY557341 for RMS1
(Térese haplotype), AY557342 for RMS1 (Raman haplotype), and U43011
for 18S.
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The following material is available in the online version of this article.

Supplemental Figure 1. Model and Biological Classes of Rootstock
X-CK.

Supplemental Figure 2. RMS1 Expression Model Output and Bio-
logical Data Prior to Branching.

Supplemental Figure 3. RMS1 Expression Relative to 78S in Grafts
between the Wild Type and rms5.

Supplemental Figure 4. Branching Phenotypes of Grafts between
the Wild Type and rms3.

Supplemental Figure 5. RMS1 Expression Model Output and Bio-
logical Data after Branching.

Supplemental Figure 6. Output of Branching Inhibition over 100
lterations for a WT/WT I-Grafted Plant from Final Computational
Model.

Supplemental Table 1. Model Parameters.

Supplemental Table 2. Branching Phenotypic Classes of Epicotyl-
Epicotyl I-Grafted Plants.

Supplemental Table 3. Branching Phenotypic Classes of Two-Shoot
Grafted Plants.

Supplemental Table 4. Branching Phenotypic Classes of Two-
Rootstock Grafted Plants.

Supplemental Methods.
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