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Abstract
Grasses grow a series of phytomers during development. The distance between successive

leaves is determined by internode lengths. Grasses exhibit genetic, developmental, and
environmental variability in phytomer number, but how this affects internode length, biomass,
and height is unknown. We hypothesized that a generalized mathematical model of phytomer
development wherein between-phytomer competition influences internode length
distributions would be sufficient to explain internode length patterns in two Setaria
genotypes: weedy A10 and domesticated B100. Our model takes a novel approach that
includes the vegetative growth of leaf blade, sheath, and internode at the individual phytomer
level, and the shift to reproductive growth. To validate and test our mathematical model, we
carried out a greenhouse experiment. We found that the rate of leaf emergence is consistent
for both genotypes across development, and that the length of time spent elongating for the
leaf and internode can be described as the ratio between the time of phytomer emergence
and the elongation completion time. The validated model was simulated across all possible
parameter values to predict the influence of phytomer number on internode length. This
analysis predicts that different internode length distributions across different numbers of total
phytomers are an emergent property, rather than a genotype-specific property requiring
genotype-specific models. We applied the model to internode length only field data of S.
italica accession B100, grown under both well-watered and drought conditions. The model
predicts that droughted plants reduce leaf elongation time, reduce resource allocation to the
internodes, and overall experience slower growth. Together, model and data suggest that
allometric patterns are driven by competition for resources among phytomer and the shift to
reproductive growth in Setaria. The resulting model enables us to predict growth dynamics
and final allometries at the phytomer level.

Introduction

Genetically identical plants exhibit variability in their number of phytomers, influencing above-
ground tissue growth. Variation in the number of phytomers within a species has been observed
in the literature across grass species, including Setaria and Sorghum (Allen et al., 2018; Banan,
2019; Junqueira et al., 2020; Xue et al., 2012). However, the effect of variation in phytomer
number on plant growth is poorly understood.
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Phytomers are developmental units that make up the body of a plant, serially arranged
with one stacked upon another. Grass phytomers consist of a leaf blade, leaf sheath, internode,
and node. Internodes function as a sink for assimilates, influence whole-plant light distribution,
and impact biomass and grain yields (Fournier, 2000; Kahlen and Chen, 2015; Mauro-Herrera
and Doust, 2016; Sarlikioti et al., 2011; Xue et al., 2012).

Plant height integrates a variety of signals as development progresses, especially during
the shift from vegetative to reproductive growth (Kawano et al., 2020). Stem length is an
important yet highly plastic feature of plant architecture (Feldman et al., 2017), influencing the
height of the panicle above the ground and grain yield (Peng et al., 2019; Serrano-Mislata and
Sablowski, 2018). However, regulation of height is poorly understood in grasses, motivating the
study of smaller components such as internodes that underlie height (Mauro-Herrera and Doust,
2016). Increasing internode lengths brings costs (McKim, 2020), and if the reproductive
internode (peduncle) is too long, grain loss may occur due to lack of support (Li et al., 2023;
McKim, 2019; Serrano-Mislata and Sablowski, 2018). Tillering, wherein off-shoots of the initial
plant culm grow alongside the culm, further complicates the regulation of phytomer growth
within the culm and between tillers. For grasses with a terminal inflorescence, the transition from
vegetative to reproductive development shifts height growth from both phytomer emergence and
elongation to only elongation of already emerged phytomers within a tiller. Understanding how
developmental transitions are regulated and coordinated, and how biomass is allocated to
individual organs and produces morphology of those organs are current challenges in plant
developmental biology (Poethig, 2003, Zhang et al., 2016).

We hypothesize that competition between phytomers for resources drive internode
allocation patterns. Competition between vegetative and reproductive growth has been put
forward as a possible explanation of internode length distributions (Reddy et al., 1997).
Phytomer sizes have been observed to reduce as the plant shifts to reproductive growth (Hodge
and Doust, 2021), and higher yields are observed in plants with dwarfism, possibly reflecting the
influence of competitive allocation between vegetative and reproductive growth (McKim, 2019).
In a field experiment of Setaria italica B100, plants that had different numbers of phytomers (due
to random variation) had different internode length distributions (Figure 1A) (Banan, 2019),
indicating that variability in phytomer number may influence internode length and plant height.
We test this hypothesis through developing a generalized model of above-ground grass
development and determining its ability to capture internode lengths in two genotypes of
Setaria. If such a model fails, we conclude that competition between phytomers is not sufficient
to explain internode patterns.

Internode elongation has been modeled as responsive to a driver such as a hormone
(eg, GA) (Buck-Sorlin et al., 2005; Schouten, 2002) or light (Kahlen and Chen, 2015; Kahlen
and Stitzel, 2011). The phases of internode elongation and growth dynamics have been
modeled using non-linear regression in maize (Fournier, 2000), and with linear ordinary
differential equations in maize (Vidal et al., 2018), using GLMS in cotton (Reddy et al., 1997),
and a second-order function-value trait model using image-extracted metrics in Setaria (Hodge
and Doust, 2021). However, these models typically focus on specific aspects of internode
development, sometimes at the level of individual internodes. How the growth of individual
internodes behaves in the context of multi-phytomer growth and the shift from vegetative to
reproductive growth, features which are thought to influence internode growth and plant height
is an existing knowledge gap (Hodge and Doust, 2021; Mauro-Herrera and Doust, 2016; Peng
et al., 2019; Reddy et al., 1997; Serrano-Mislata and Sablowski, 2018).

To understand the underlying allocation rules that determine internode lengths, we take
a mathematical modeling-based approach to apply our understanding of grass development and
data on internode and phytomer growth. We consider resource allocation as a dynamic process,
rather than the final allometry, which may lead to better understanding of the processes
underlying allometry (Hodge and Doust, 2021). Here, we use ‘allocation’ in the modeling sense
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to refer to the division of matter to component parts. We developed a parsimonious,
phenomenological mathematical model describing resource allocation to phytomer components
(leaf blade, leaf sheath, internode) and the shift from vegetative to reproductive growth. In our
model we consider developmental time parameters such as the emergence rate of the
phytomers, and how long each phytomer grows for. The model assumes that resources are
evenly divided amongst currently growing phytomers. This model is validated and its
parameters are simplified using experimental observations. The resulting model is able to
capture dynamics in leaf growth and plant height, as well as the final lengths of the leaf blade,
leaf sheath, and internodes, improving our understanding of developmental transitions and
biomass allocation (Poethig, 2003; Zhang et al., 2016).

Results

Variation in internode lengths motivates development of a mathematical model of
developmental resource allocation

Grasses grow a number of vegetative phytomers (Npnyt) that support leaves followed by a
reproductive phytomer that supports the panicle. Each phytomer grows semi-sequentially,
wherein the second phytomer emerges after some time, followed by the third, and so on (Figure
1B). This produces a system where the number of phytomers growing at a given time changes
over the course of development. To capture the interplay between whole-plant biomass
accumulation and resource allocation to simultaneously-growing phytomers and their
component structures, we developed a phenomenological mathematical model of Setaria
development. The mathematical model consists of 3 layers (Figure 1C,D).

First, to capture overall logistic plant growth, we use a Hill function model to capture
growth dynamics. As the plant grows, it produces increasing amounts of biomass. We assume
that the majority of biomass production comes from leaves, and therefore that the maximum
biomass production will peak when total leaf area is greatest. Second, at the heart of the model,
we consider the growth of each individual phytomer. Each vegetative phytomer has a leaf blade,
leaf sheath, and internode, and the reproductive phytomer has a panicle and peduncle. The
model contains two classes of developmental time parameters that describe phytomer growth:
the emergence time 1 and the duration of growth multiplier 3. T describes the delay between the
initiation of one phytomer to the next, while B describes the length of time each phytomer
component grows for. We use a different duration of growth multiplier for each tissue type.
These parameters describe when each phytomer component will grow over the duration of plant
development.

Finally, the model includes additional parameters describing relative allocation to
phytomer components. Within each phytomer, allocation across the leaf blade, leaf sheath, and
internode are described by relative allocation parameters, and allocation to the reproductive
phytomer is described by the proportional degree of reproductive investment (p) parameter. The
parameters describing sub-phytomer allocation are determined using parameter estimation. The
model describes allocation dynamics to each phytomer across development, and integrating
allocation dynamics provides the accumulated growth for each of the phytomer components
(Figure 1C). This enables us to connect biomass growth over time with height over time, the
relative allocation of biomass to individual phytomers and phytomer components, and the final
relative height of phytomer components.

Different genotypes of Setaria show consistent emergence rates

To validate the model, we tracked the growth of Setaria viridis A10 and Setaria italica B100 in
the greenhouse from 7 days after planting (DAP) until seed maturity and compared our results
to the model (Figure 2A). We measured the emergence of leaves and elongation duration of
phytomers (leaves and internodes). We found that the emergence rate, defined as the mean
delay from initiation of one phytomer to the next, was not significantly different between S. viridis
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Figure 1. Plants with different numbers of phytomers display different internode length
distributions. Three representative samples of dissected internodes from S. italica genotype B100
culms grown under field conditions are shown, in order from older internodes to the left and younger
internodes to the right (A). To understand what processes may cause this, we developed a
mathematical model of grass development based on the semi-sequential growth timing of phytomers
(B). The model considers each phytomer as growing semi-sequentially, with () time passing before
the next phytomer initiates. Each phytomer grows for some time (). Each phytomer takes a fraction of
the total available biomass proportional to the number of currently growing phytomers, and
reproductive phytomers take a larger fraction (p). Summing the resulting accumulation over time
produces predicted internode length distribution as a function of phytomer or leaf number (C). (D) The
model takes the biomass gain over time as an approximation of the biomass production over time. The
biomass production is divided proportional to the relative allocation parameters which describe the
relative amount of biomass allocated to each phytomer sub-component. The resource allocation
dynamics of each phytomer sub-component are described by developmental time parameters.
Together, this describes the amount of biomass allocated over time to each phytomer sub-component,
as well as composite traits such as above-ground size and height.
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A10 and S. italica B100 (B100 emergence rate 2.02 +/- 0.9 days, A10 emergence rate 2 +/- 0.4
days, t-test p-value 0.73) (Figure 2B). In a follow-up experiment, we tracked A10, B100, and
five additional Setaria genotypes using automated phenotyping (see Methods). All seven
genotypes had a mean emergence rate of between 2 and 2.6 days, and all genotypes were not
significantly different from genotype A10 with a mean of 2 days (Supplemental Figure 1). This
result allowed us to treat the emergence rate parameter (1) as a constant in subsequent model
simulations, and set it as 2 days.

Elongation duration was different between leaf, internode, and across genotypes in experiments
The duration of growth for each leaf and internode was tracked using the emergence day and
the day when we observed the final length of that leaf or internode. We found that the duration
of growth could be simplified by considering the relationship between the day each phytomer
emerged and the day they completed elongation, which was well approximated as a linear
relationship (Table 1, Supplemental Figure 2). Simplifying these relationships by setting the
intercept to zero and taking the ratio of these two developmental time points improved R? (Table
1). In both A10 and B100, the growth duration was longer in internodes than in leaves (A10 leaf
(B) 1.26 +/- 0.15, internode (B) 1.57 +/- 0.27, t-test p-value 2*102%; B100 leaf (B) 1.29 +/- 0.14,
internode (B) 1.4 +/- 0.14, t-test p-value 1*102") (Table 1, Figure 2B).

Table 1. Linear models describe the relationship between emergence time and growth completion
time. The linear regression model is of the form growth completion time = slope*emergence time +

intercept. The slope is the growth duration multiplier (B). The simplified linear model is of the form growth
completion time = slope*emergence time. We use the simplified linear model in the following simulations.

Linear Regression Model Simplified Model
Condition (B) Intercept | Slope * emergence time | R2 Slope * emergence time | R?
A10 leaves 2.7 1.04 0.85 | 1.26 +/- 0.15 0.99
A10 internodes | -6.55 2.12 0.86 | 1.57 +/- 0.27 0.97
B100 leaves 2.55 1.15 0.95]1.29 +/- 0.14 0.97
B100 internodes | 3.5 1.23 095 (1.4 +/-0.14 0.99

Summary of parameter simplifications in the model enabled by experimental results

The model's developmental time parameters were able to be simplified using experimental
observations. The emergence time (1) was found to be 2 days on average, and was conserved
across genotypes (Figure 2B, Supplemental Figure 1). This enabled us to consider the
emergence time as a fixed parameter. We also found that the duration of growth multiplier grow
time (B) for each phytomer could be simplified as a linear relationship, where f=growth
completion / emergence time, and therefore growth completion time is the emergence time
multiplied by the duration of growth multiplier (3). We were therefore able to represent time
spent elongating using the duration of growth multiplier () across the entire set of phytomer
components, rather than individual elongation duration parameters. Generally, the N phytomer
stops growing at B(1+7(N-1)), where B is a constant across each phytomer component (e.g., leaf
blades, sheaths, or internodes), and t and N are fixed parameters. Thus, later phytomers grow
for extended times relative to initial phytomers when 1>1. For example, if the first phytomer
starts growing on day 1, it stops at day 1*8. The 5th phytomer starts growing on day 1+4T1, and
stops at day B(1+47). The shift to reproduction (the N+1 phytomer) would occur at 1+TN.

Dale, Banan, Millman, Leakey, Mukheriji, and Baxter, 2023 5


https://doi.org/10.1101/2023.12.28.573563
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.12.28.573563; this version posted December 28, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

A) 1 Internode Lengths, B100 Internode Lengths, A10
—0—-D'ala - —— Ijata
=& Simulation | 0.8/ =& Simulation

0.8

B 10 15 20 1 2 3 4 5 6 7
Phytomer Number Phytomer Number
B) , ¢ . o
£ o i i oo B B100 Leaf
£ B|» S hol| ke .
@ 5| T = g ° m B100
|2 = .
5 =4 e i = @ 18 i Internode
& 9 . 'g 16 1 B A10 Leaf
£ 2pgr g A2 ‘ | A10
il 1 ‘ O 12 J_ F - Internode
0 1
C) 1 4
g'g B B100 tolnt @ 35 B B100 intBeta
: . =2
5 g.g B100 = 3 B B100 leafBeta
S 05 , . fsheath 2@ 25 8100 sheatiBet
2 04 B A10 tolnt -g 5| B A10 intBeta
<< 03 v 3 : B A10 leafBeta
g:? —ﬂ-* BA10toSheath (5 15 mm e B A10 sheathBeta
0 i 1

Figure 2. Experimental results and model validation. (A) The model is able to recapitulate
internode length distributions for Setaria genotypes B100 and A10, which have a large difference in
the average total number of phytomers. A representative fit to internode lengths from each genotype is
shown (orange) compared to normalized internode length data (blue). Additional representative fits of
growth dynamics, height dynamics, and sheath lengths for additional samples available as
Supplemental Figure 3. (B) Both genotypes in our experiment had emergence rates around 2 days,
with no significant difference across genotypes. This parameter was fixed in subsequent simulations
and parameter estimations. Experimental results showed that the duration of phytomer growth was
able to be estimated using the ratio of the time of elongation completion and the emergence time
(Supplemental Figure 2). (C) Allocation parameters were estimated using parameter optimization.
The model predicts that the proportional degree of reproductive investment parameter (p) is not
significantly different between B100 and A10, that B100 has higher allocation to the internodes, and
A10 higher allocation to sheaths relative to other phytomer components. The model predicts that all
grow times are longer for A10 than in B100. Boxplots show the distribution of these grow times across
each genotype. Leaf grow times are shorter than internode grow times. The parameter estimates for
leaf and internode grow times captured the trends in the data, as internode grow times were longer
than leaf arow times.

Experimentally, the duration of growth multiplier (8) was found to vary for leaf and internode,
and typically the duration of growth for leaves were shorter than the duration of growth for
internodes (Figure 2B). Our resulting model has 8 optimized parameters and 3 fixed
parameters (Table 2).
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Model-based estimation of reproductive allocation

The degree to which resources were allocated resources to the reproductive phytomer during
the shift to reproductive growth was unable to be experimentally estimated. The proportional
degree of reproductive allocation (p) was estimated using parameter optimization. The model
predicts that A10 and B100 do not have significantly different proportional degrees of
reproductive allocation. However, due to the larger size and phytomer number in B100, the
absolute amount of resources allocated to the reproductive phytomer will be much greater, and
the duration of reproductive growth much longer. The model predicts that B100 has higher
allocation to the internodes, and A10 higher allocation to sheaths (Figure 2C).

Table 2. Summary of all parameters included in the model. The emergence rate was experimentally
observed to be consistent across Setaria genotypes, and treated as a fixed parameter. The duration of
growth multiplier was experimentally observed to describe the relationship between the time of phytomer
emergence and the time of elongation completion for that phytomer component. The value of this
multiplier was estimated for each phytomer component in the model (leaf blade, leaf sheath, and
internode) using parameter optimization. The three relative allocation parameters (rho, tolnt, and
toSheath) describe the relative allocation of biomass within each plant, and are estimated by parameter
optimization. The parameters k and H describe biomass growth over time, and are estimated using
parameter optimization. The relative allocation within the reproductive phytomer to the peduncle
(peduncleShare), relative to the panicle, was fixed to a reasonable value (0.01). The duration of growth
multiplier for the reproductive phytomer was similarly fixed (1.5%eaf).

Parameter Description Estimated
Tau (1) Emergence rate (constant) Fixed to experimental
median (2 days)

Beta (leaf, internode,sheath) | Duration of growth multiplier Parameter optimization

Rho (p) Reproductive allocation Parameter optimization

tolnt Relative allocation Parameter optimization

toSheath Relative allocation Parameter optimization

k Growth rate (biomass growth over time) Parameter optimization

H Cooperativity (biomass growth over time) | Parameter optimization

peduncleShare Fractional allocation to the peduncle in Fixed to reasonable
the reproductive phytomer estimate (0.01)

Beta (reproductive) Duration of growth multiplier for Fixed to reasonable
reproductive phytomer estimate

The mathematical model predicts how the number of phytomers and the shift to reproductive
growth influences competition for resources

We hypothesized that the internode patterns change as a function of phytomer number (Figure
1A) due to increasing competition between phytomers due to semi-sequential growth and the
shift to reproductive growth. The S. italica B100 plants grown in the greenhouse did not exhibit
the same degree of variability in the total number of phytomers as in the field experiment. The
total number of phytomers for field growth S. italica B100 had an apparent number of internodes
ranging from 5 to 12, which we estimate as a true phytomer count ranging from 9 to 19
(Supplemental Figure 4, linear regression between internode counts and phytomer counts in
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two greenhouse experiments, R?=0.99) (Banan, 2019). As early leaves often senesce early and
are lost at harvest, and early internodes are compressed (non-elongated) and difficult to dissect,
the number of apparent internodes (ie, larger than 0.5 cm) will be lower than the true number of
phytomers (obtained via leaf count in greenhouse experiments). Despite this, we observed
correspondence between internode length patterns in field-grown S. italica B100 with low
phytomer number and S. viridis A10 (7 to 9 phytomers in greenhouse experiments), and
between field- and greenhouse-grown S. italica B100 with high phytomer numbers (e.g., 19 to
21). This suggests that the phytomer number itself influences internode length patterns, outside
of genotypic effects.

To determine how phytomer number influences phytomer growth we simulated our
model across the entire parameter space. The parameters we included were the emergence
rate 1, the growth duration multipliers B ieaf, intemode, @Nd sheath, the proportional degree of
reproductive investment parameter p, and fractional allocation to the internodes and to the
sheath. To characterize the degree of competition for resources we calculated the maximum
degree of competition, which corresponds to the sum of the number of vegetative phytomers
growing at a given time, plus the reproductive allocation parameter upon the shift to
reproductive growth. We also tracked the length of time the in silico plants experienced the
maximum degree of competition.

We found that changing the number of phytomers from 7 (e.g., A10 case) to 21 (e.g.,
B100 case) changes the maximum degree of competition by a median value of 1.8, and
increases the median time under maximum competition by 2.5 times (Figure 3). The model
predicts that this competition is primarily influencing the last vegetative phytomers to emerge,
corresponding to the shift to reproductive allocation. This explains the reduction in internode
length seen in the final group of vegetative phytomers for plants with high total numbers of
phytomers (Figure 1A). In contrast, the final few vegetative phytomers in plants with low total
numbers of phytomers are not reduced in length (Figure 1A). The model simulations support
the idea that this phenomenon is an emergent property resulting from semi-sequential growth
that occurs in Setaria development, rather than a genotype-specific property.

The model is able to predict growth dynamics given only internode lengths

To determine the ability of the model to accurately capture developmental patterns, we further
applied the model to data from a field experiment measuring the influence of well-watered or
drought conditions on Setaria B100 internode lengths. As this data consisted of only internode
lengths, we first assessed the influence of reducing the amount of experimental data on model
parameter estimates. We performed global and local identifiability analyses to determine the
model’s ability to estimate parameters given our full dataset (leaf length, internode length,
sheath length, sum of leaf lengths over time, and height over time) and given internode length
data alone (see Methods). Identifiability analysis measures the influence of changing model
parameters on fit quality. An unidentifiable parameter has no effect on fit quality, meaning the
value of an unidentifiable parameter does not influence the ability of the model to fit to our data,
and therefore the model cannot be used to determine the proper value of such a parameter. We
found that using the full dataset, all parameters were identifiable, and when using a reduced
data set of internode lengths only, nearly all parameters were identifiable. Leaf growth duration
was identifiable 40% of the time (6/15 plants in our experimental dataset), and sheath growth
duration was identifiable 60% of the time (9/15 plants in our dataset).

The model suggests that Setaria internodes grow for longer in drought than well-watered
conditions, while plants increase allocation to leaves

We applied the model to the existing field data of B100 to determine the model’s ability to
capture internode length patterns in this data (Banan, 2019), as well as to obtain model
predictions on the influence of drought on B100 developmental parameters (Figure 4A). In
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order to simulate these field data, we first needed to estimate the true number of phytomers,
which is greater than the number of internodes long enough to be dissected by hand. In our
greenhouse experiments we were able to observe both the true phytomer number (number of
leaves) as well as the observed number of dissected internodes. A linear regression between
actual phytomer number and observed phytomer number (number of internodes greater than
0.5 cm) described our data well (Nintermode = 0.7064*Npny: - 1.38, R20.99, across two experiments
and seven genotypes, Supplemental Figure 4). The resulting linear regression equation was
used to estimate the true phytomer number for subsequent simulations on the field data.
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Figure 3. Increasing the number of phytomers increases competition for resources during
growth. The model predicts that increasing the number of phytomers from 7 to 21 increases the
degree of maximum competition (i.e., number of ways resources are divided at any point in time) by
1.45 times on average, while also increasing the duration of the maximum degree of competition by
1.34 times on average. To determine the general influence of the total number of phytomers the model
was simulated across a wide range of values for each parameter (see Methods). The color represents
the frequency of observation in the simulation conditions.

The model parameters were optimized on the field data of internode lengths for well-
watered and droughted Setaria B100 plants. The influence of drought was assessed using t-
tests on the parameter estimates. The model predicts that drought reduces the leaf growth
duration multiplier (t-test p=0.022), decreases the relative allocation to the internode (t-test
p=0.002), and reduces growth rate (t-test p<0.001) (Figure 4B). As no change is predicted in
the proportional degree of reproductive investment, the model predicts that vegetative
internodes will be relatively shorter under drought than well-watered conditions, and will take
longer to reach their terminal lengths due to reduced growth rate and increased leaf growth
duration multiplier, while the length of the reproductive internode (peduncle) will be similar
across both conditions.
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Figure 4. Model predicts a change in plant growth parameters under well-watered and drought
conditions with field-grown Setaria B100. (A) Model is able to fit to field data, and 3 representative
fits are shown across plants with three different internode numbers (from top to bottom, 10, 15, and 18
vegetative internodes). (B) The model predicts that, in response to drought conditions, significant
reductions occur in leaf grow time, internode allocation, and growth rate (note, due to model
formulation described in the methods, a larger value of k, the growth rate, corresponds to slower
growth). Significance is determined by t-tests.

Discussion

In this paper we describe a mathematical model of resource allocation during grass
development wherein phytomers emerge sequentially and grow semi-sequentially. The model
uses developmental time parameters to describe phytomer emergence and how long each
phytomer grows for, as well as the timing of the shift to reproductive growth. The model tracks
leaves, sheaths, internodes, and the reproductive internode.

Experimental validation

We performed an experiment to validate and test the model. We measured the length and
number of leaves and sheaths from 7 DAP until seed senescence for S. viridis A10 and S.
italica B100 in the greenhouse. We made several observations that facilitated simplifications of
model parameters. Experimentally we measured the emergence rate to be 2 days on average
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for the genotypes in this study (not significantly different between genotypes). A constant
emergence rate across development and genotype has been previously observed in Setaria,
Sorghum, and maize (Fournier, 2000; Junqueira et al., 2020; Xue et al., 2012; Zhang et al.,
2016), although genotypic effects have been observed in maize (Zhang et al., 2016). We found
a constant linear relationship between when a phytomer emerged and when it completed
elongation (the duration of grow multiplier parameter ). A linear relationship between phytomer
emergence and growth completion times results in later phytomers growing for a longer time
than early phytomers. Similar trends have been observed in Sorghum and maize (Fournier,
2000; Xue et al., 2012). We found the duration of growth was significantly longer in internodes
compared to leaves for both A10 and B100 genotypes (t-test p-values <<0.05). These results
enabled us to fix the model's phytomer emergence rate 1 at 2 days, and use a single duration of
growth multiplier parameter (B) to describe the relationship between emergence and growth
completion for each phytomer in our simulations. We found that our resulting mathematical
model is able to recapitulate the relative length distributions of leaf blades, leaf sheaths, and
internodes, as well as biomass growth over time and height over time over time (Figure 2A,
Supplemental Figure 3).

Phytomer number and competition for resources

By simulating across a range of reasonable values of the model parameters, the model predicts
that increasing the number of phytomers greatly increases both the degree and duration of
competition for resources (defined as the number of ways resources are divided) (Figure 3).
This effect on competition explains the differences in internode length due to within-species
phytomer number variability (i.e., Figure 1A), as well as the influence of between-species
phytomer number differences and internode length patterns (Figure 2A). The model further
suggests that this increased competition coincides with the shift to reproductive growth, which is
supported by existing observations on the influence of the shift to reproductive growth on
vegetative internodes and plant height (Hodge and Doust, 2021; Reddy et al., 1997).

Model predictive capacity

We performed identifiability analysis to determine the influence of using all data we collected
(leaf lengths, internode lengths, sheath lengths, leaf growth over time, height over time), and
tracking only internode length distributions on our model parameter estimates. Our analysis
shows that the model is able to estimate nearly all parameters when using only internode length
distributions. This predicts that internode length distributions are influenced not just by allocation
to internodes, but also leaf growth and the overall growth dynamics of the plant.

Model prediction of the influence of drought stress on Setaria internodes

We used our model on internode length distributions from an existing field experiment to
determine which parameters changed as a result of drought conditions (Banan, 2019). Model
analysis of field data predicts that drought stress decreases leaf grow time, reduces allocation to
internodes, and reduces growth overall. Previous studies have observed internode elongation
being reduced in response to drought stress in tomato (Litvin et al., 2016). Leaf elongation rate
has been observed to be sensitive to drought in the grass C. squarrosa (Yang et al., 2016),
while leaf emergence rate has been observed to be insensitive to drought stress in maize
(Zhang et al., 2016).

Expanding the model to other species

Here we have developed and validated a model with a highly generalizable representation of
developmental growth in grasses. Here we optimized the model using Setaria, where the culm
shifts to reproductive growth once. Other grass species have different number and timing of
reproductive growth, as well as different numbers of phytomers, both factors that our model
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predicts will strongly influence resource allocation and internode length patterns. Similar
internode length distributions to those shown here in Setaria have been observed in maize
(Birch et al., 2002; Fournier, 2000; Morrison et al., 1994), bamboo (Wei et al., 2019), soybean
(Allen et al., 2018), and pea (de Saint Germain et al., 2013). Interestingly, cucumbers with few
phytomers display a different length distribution, where each is subsequently smaller than the
previous (Kahlen and Chen, 2015).

Conclusion

Our model allows us to integrate the growth of leaves, sheaths, and internodes, along with the
shift from vegetative to reproductive growth, through considering resource allocation across
developmental time. Integrating the growth of these parts into the whole enables us to connect
phenotypes that are able to be obtained in high throughput (i.e., biomass growth and height
over time) with phenotypes that are difficult to observe (i.e., internode lengths). Thinking in
terms of developmental time allows us to consider the influence of time instead of growth rates.
Developmental time parameters enable us to directly relate growth strategy and life history, as
plants can be the same size at the same time through different combinations of phytomer
number and phytomer grow times, allowing us to see signatures of domestication and selection.
The ability of the model to estimate developmental time parameters, and growth dynamics,
given endpoint length distributions will be powerful in reducing the amount of labor required to
connect phenotype to growth strategy, and understand how organ initiation and growth is
influenced by environment (Zhang et al., 2016).

Methods

Quantitative Analysis

Simulations of the mathematical model were performed in Matlab 2021a. Parameter estimates
were performed by curve fitting the model to the leaf, sheath, and internode length data, as well
as the total height and total length of all leaves over time. Curve fitting was performed in Matlab
using global optimization function MultiStart across 50 starting points with least squares
optimization (Isqcurvefit). To minimize the number of parameters by reducing the need for
scaling factors, the data and simulation output was normalized by dividing by the maximum
value of each data type (i.e., internode lengths). Linear regressions and t-tests were run in
Microsoft Excel. A significance value of alpha=0.05 was used for the t-tests.

Identifiability Analysis

Global identifiability analysis was run in Matlab by fixing each parameter at one of each of 500
values across a range and optimizing the remaining parameters for each plant, using either all
data (biomass over time, height over time, internode lengths, leaf blade lengths, and sheath
lengths), or internode lengths only. Each optimization was run on data from a single plant, and
our experiment contained 15 Setaria B100 plants. We found when using the full dataset, that
most parameters were identifiable (for 14 to 15 of 15 plants), except for the reproductive
investment parameter, the sheath allocation parameter, and the overall growth rate. When using
internode length data only, we found that only the internode growth duration multiplier was
globally identifiable.

We then performed local identifiability analysis in Matlab using the rank of the Fisher
Information Matrix (FIM). We first optimized all model parameters for each of 15 plants as
described previously, and then determined the identifiability by perturbing these optimized
parameters by 0.001. The FIM was then constructed by calculating the difference between the
model fits for the perturbation conditions, divided by 2*0.001 *initial parameter estimate. The
rank of the FIM then determines the identifiability of each of the parameters. When using the full
dataset for each plant, we found that most parameters are identifiable. The internode growth
duration multiplier was identifiable for 6 of 15 plants, the leaf growth duration multiplier was
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identifiable for 9 of 15 plants, and the sheath growth duration multiplier was identifiable for 12 of
15 plants. When using the internode length data only, we found that most parameters were
again identifiable. Internode growth duration multiplier was identifiable 4 of 15 plants, leaf
growth duration multiplier 6 of 15 plants, and the sheath growth duration multiplier 9 of 15
plants. Using the profile likelihoods obtained with global identifiability analysis, we observed that
internode growth duration multiplier likelihood was often very flat around the minima for both the
full dataset and the reduced dataset with internode lengths only. Thus, we infer that most
parameters are identifiable in the region converged upon using global parameter optimization.

Experimental Approach

In the first experiment the domesticated S. italica genotype B100 was studied alongside its wild
relative S. viridis genotype A10 in a greenhouse at the Donald Danforth Plant Science Center.
This greenhouse was set to a 14 hour day length, with a 28°C day and 22°C night temperature.
Relative humidity was maintained between 40-50%. 15 plants of each accession were grown in
1 gal pots. The plants were manually measured, as described below, 3 times a week from 7
days after planting (DAP) until 28 DAP, and then twice a week until dissection, when at least
half of the seeds on every plant within each genotype were mature.

For the second experiment, B100 and A10 were grown along with accessions TB_12_0039,
TB_ 12 0265, RIL-13, RIL-68, and RIL-183. The RIL are a recombinant inbred line derived from
the cross of B100 and A10. Each line had 10 replicates except for S. italica and S. viridis which
each had 5 replicates. These plants were grown in %4 gal pots, first in a growth chamber, then
moved into the Bellwether Foundation Phenotyping Facility (Bellwether Facility), and then into
the same greenhouse as the previous experiment. From planting until 12 DAP, plants were in
the growth chamber which had a 12 hour day length, day temperatures of 31°C, night
temperatures 21°C, with light intensity of 400 (umol/m?/s) and relative humidity maintained near
40%. The plants were then loaded into the Bellwether Facility.

The Bellwether Facility allows for high-throughput phenotyping utilizing a controlled growth
chamber environment with a conveyor belt system that moves plants to automatic weighing
stations and through an imaging system. Every plant was weighed twice a day and watered to
85% of soil capacity. Imaging occurred once a day using both RGB visible imaging. Plants were
photographed from above and at two side angles. The controlled environment was set to nearly
the same parameters as the pre-loading growth chamber, with the only difference being the light
intensity, set to 500 (umol/m?/s). Relative humidity also varied more in the facility due to plants
moving between the controlled environment and the imaging station, sometimes raising relative
humidity levels to above 60%. Plants were grown in the Bellwether Facility for 3 weeks before
being moved into the same greenhouse as the previous experiment, where they were grown
until seed maturity.

Manual measurements of phenotypic traits

For the first experiment, near daily measurements of when leaves emerged (defined as a visible
leaf tip within the whorl) and total leaf number were taken to estimate tau (1), the waiting time.
To determine grow time of leaves and internodes, the lengths of leaves and sheaths were
measured using a ruler. Sheath length was measured as the distance from one leaf collar to the
next leaf collar, or from the soil to the first leaf collar. Sheath elongation was considered to be
representative of internode elongation. Leaf length was measured as the distance from the leaf
collar to the leaf tip. Each measurement was rounded to the nearest 0.25cm. Once a sheath
and leaf measurement remained constant within +/- 0.5cm across three measurement days they
were considered fully expanded and were no longer measured. Once emerged, the peduncle
length was also measured, from the collar of the last leaf to the bottom edge of the panicle.
Panicle length was measured. While S. italica has little to no tillering, S. viridis grows many
tillers, and the main culm was tracked throughout the experiment. For the second experiment,
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the emergence rate was estimated via visual inspection of Bellwether imaging to identify the
emergence of new leaf tips, in addition to final leaf counts in the greenhouse prior to dissection.

Dissections

In all experiments plants were dissected after at least 50% of seeds were mature on all plants
within a genotype. Plants were dissected manually using garden shears and razor blades.
Leaves and sheaths were removed carefully by hand. Once the leaves and sheaths were
removed, internodes were dissected and measured. A cut with shears was made at each node,
which was clearly visible, to separate internodes from each other.

Model Implementation

As measurements began 9 days after planting in the first experiment, the exact date of
germination wasn’t observed. We estimate the germination date to be 5 DAP. Therefore, we
assume the first phytomer emerged at 5 DAP, and phytomer 2 at 5DAP + 1, where T is the
emergence rate in days, and so on to estimate the emergence day of the remaining phytomers
in the model. Panicle emergence is therefore Npny: + germination date, where Npryis the number
of phytomers. The first phytomer begins growing on day 1, and the second begins growing after
the emergence time, on day 1+71. Generally, the N™" phytomer begins growing on day 1 + 1(N-1).
The reproductive phytomer is treated as the N™'+1 phytomer, beginning on day 1+TN. The time
when each leaf, internode, or sheath is finished growing is set as the emergence date multiplied
by the duration of growth multiplier (8) for that phytomer component (e.g., Bieat, internode, sheath),
which are all parameters in the model. Using these calculations we create the temporal
allocation matrix, where the rows are the phytomer numbers and the columns are time in 0.01
day increments. One allocation matrix is created for each phytomer component being modeled
(leaf, internode, sheath, reproductive growth). Each matrix element is either 0 for not growing or
1 for growing.

The growth matrices are then calculated by multiplying 1 by the relative allocation ratio. The
relative allocation ratio for the internode and sheath is a model parameter between 0 and 1. The
relative allocation ratio for leaves is 3 minus the sum of internode and sheath allocation ratios.
The relative allocation ratio for reproductive components is p, where p is greater than or equal
to 1.

The integral is then calculated by summing over the rows of the growth matrices, to obtain
the allocation dynamics as a function of time. All growth integrals are then summed to obtain the
total plant allocation dynamics over time. Dividing one by this vector gives us the fractional
allocation matrix. The fractional allocation matrix is multiplied by the biomass production over
time to give us the amount allocated over time. The resource allocation dynamics matrices are
then multiplied by the relevant relative allocation parameter for each phytomer component to
give us the total amount of biomass that is allocated to each phytomer component at each time
point. The total allocation per component per phytomer is then calculated by summing this
matrix over the columns, giving us the allocation amount per phytomer, for all 4 matrices that
track the 4 phytomer components in the model (leaf, internode, sheath, and reproductive). The
reproductive internode is allocated a fraction of the total reproductive allocation, fixed at 0.01.

After obtaining grow start and stop times, the phytomer identity matrix is created. The matrix
has N+1 rows for each vegetative phytomer and one reproductive phytomer, and t timestep
columns. In the matrix, elements set to 1 represent growing, and 0 not growing. Each vegetative
phytomer gets a fraction of the current available biomass, such that if 4 vegetative phytomers
grow, each gets "4 of the available biomass. The reproductive phytomer will have an increased
fraction p=1 to represent increased allocation to reproductive structures. Thus, if 4 vegetative
phytomers grow simultaneously to the reproductive phytomer, each vegetative phytomer gets
1/(4+p) fraction, while the reproductive phytomer obtains p/(4+p) fractions. Collapsing across
rows provides the vector of the number of phytomers growing as a function of time. The model
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includes allocation to leaves, sheaths, internodes, and the reproductive structures (peduncle
and panicle). The inverse of this vector provides the fractional allocation vector. A vector
representing biomass production as a function of time is multiplied by the fractional allocation
vector to get the amount allocated as a function of time. The leaf allocation dynamics are used
to approximate growth, including the reduction in allocation to the leaves as the plant shifts to
reproductive growth. The resulting vector describes the amount able to be allocated as a
function of time, and is then multiplied by the phytomer identity matrix to obtain allocation to
each phytomer component at each time point.

Here, we estimate biomass production experimentally using the sum of leaf lengths over
time, which we use to track plant growth dynamics. We assume that biomass production is
proportional to the amount of leaf a plant has. Our biomass production estimate is then fitted
using a hill function model: Size(t) = 1/(1+k*leafFinish / time)", where k is the growth rate,
leafFinish is the time when the leaves complete growing, i.e. leafFinish = leafBeta*(t*(Nphyt-
1)+startDay), and H is the cooperativity coefficient, which describes the shape of the growth
curve. When the plant growth dynamics are not able to be measured experimentally, kand H
are free parameters. In the model, additional reproductive growth time will not influence the
internode, sheath, or leaf lengths if reproductive growth occurs without any vegetative growth,
and so the reproductive phytomer grow time is set as 1.5%leafBeta.

Model Simulation to Determine Influence of Phytomer Number on Competition

To understand the influence of increasing phytomer number on resource competition, we
simulated the model across a wide range of possible parameter values. The model was
simulated at each unique combination of parameter values, and each parameter was
individually varied one at a time. Growth duration multipliers for each component (internode,
leaf, and sheath) were varied from 1.01 to 3.51, the proportional degree of reproductive
investment parameter was varied from 1 to 61, relative allocation to the internodes was varied
from 0.1 to 0.4, relative allocation to the sheath was varied from 0.1 to 1, the overall growth rate
was varied from 0.25 to 6, the and the growth cooperativity parameter was varied from 3 to 8.
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