








Figure 3. Cultivars have unique responses to each granular substrate texture. A, Depiction of significant differences between
granular substrates for each cultivar and root trait. Shades of red indicate that a trait value is significantly different between
indicated granular substrates; white indicates no significant difference. Pairwise significance for each granular substrate and
cultivar was tested by post hoc one-to-one comparisons of theGxE termusing the Tukey-KramerHSD test. B to F,Quantification of
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smallest RSA and were most impacted by substrate
particle size (Figs. 2 and 3A). The cv Swarnamaintained
a deep and narrow RSA in all growth substrates. In-
terestingly, the RSA of cv Azucena had almost no re-
sponse to the different particle sizes. These data
indicate that the RSA response to particle size is cultivar
dependent.

Genetic and Environmental Interactions Influence
Rice RSA

When grown in the three granular substrates, there
was significant variation of five traits (depth, total
length, width, convex area, and diameter) in response
to both granular substrate and cultivar (GxE; ANOVA
P , 0.004; Table III). The GxE interaction explained
11.7% to 15.5% of the variance in RSA traits. The genetic
component explained 19.5% to 42.8% of the variance
and contributed more than the environmental compo-
nent. The one exception was root diameter, which had a
greater environmental component (27%) than genetic
component (19.5%). This was also the largest environ-
mental contribution detected. Excluding diameter, the
granular substrate environment explained 3.6% to 9.2%
of the variance in RSA traits. Of the seven traits ana-
lyzed, root diameter was the only one influenced pri-
marily by granular substrate, while the others were
influenced predominantly by genotype.
Two traits did not have a significant GxE interaction:

crown root number and median root number. Median
root number lacked a genetic component (ANOVA P =
0.06) and was statistically the same in all cultivars but
was influenced by granular substrate (ANOVA P =
0.0021). Crown root number had a strong genetic
component (ANOVA P = 0.0021) but no influence from
the environment (ANOVA P = 0.1356). These differ-
ences are likely due to how each trait is calculated.
Crown root number encompasses both the number
of older/thicker roots and younger/thinner roots,
whereas median root number counts only the
older/thicker roots. Median root number is also highly
dependent upon root diameter and depth, both influ-
enced by granular substrate, which likely contributes to
the environmental component observed. Taken to-
gether, these data suggest that crown root number is
influenced predominantly by genotype and support the
conclusion that root diameter and depth are influenced
by the substrate texture (Fig. 3; Table II).

Granular Substrate Texture Impacts Plant Biomass

To determine if granular substrate texture impacts
root biomass or shoot growth, we measured the dry
weight for all cultivars (Table IV; Supplemental Table

S5). We saw cultivar-specific changes dependent upon
granular substrate in both root and shoot biomass (Fig.
4). However, none of the cultivars had a significant
change in both root and shoot biomass. The shoot bio-
mass in cv Basmati 217, CO39, and Swarnawas affected
by granular substrate, suggesting that shoot growth
was related to the RSA response in some cultivars.

Comparison across all growth substrates revealed
that cv Azucena RSAwas largely unaltered, suggesting
that RSA has a strong genetic influence in this cultivar.
However, cv Azucena is one of two cultivars that had a
slight increase in root biomass when grown in sand.
These data suggest that genetics largely influence the
RSA traits measured in this study but that additional
traits exist that are influenced by the growth environ-
ment.

RSA Depth in cv Bala Is Decreased in Growth Substrates
with Low Penetration Forces

We found that the roots of cv Bala, a drought-tolerant
rice cultivar, were shallow when grown in 13 gel
(Tukey’s HSD P # 0.016, 13 gel compared with gran-
ular substrates) but deep when grown in granular
substrate (Tukey’s HSD P . 0.9, between granular
substrates; Fig. 5A). The maximum force (see “Mate-
rials and Methods”) required to penetrate the granular
substrates wasmuch greater than for the 13 gel, raising
the possibility that cv Bala roots may grow less deep in
soft substrates (Fig. 5B). To separate the effects of sub-
strate texture from substrate hardness, we increased the
concentration of Gelzan in the gel (63 gel; Fig. 2) and
found that this caused an increase in RSA depth equal
to what was seen when cv Bala was grown in granular
substrates (Tukey’s HSD P . 0.945; Fig. 5A; Table I).
We did not detect any relationship between gel hard-
ness and depth in the other cultivars (Table I; Fig. 2).
The cv Bala also was grown in increasing concentra-
tions of Gelzan, and a strong correlation between depth
and higher Gelzan concentrations was observed (Fig. 5,
C and D). We also measured the maximum root depth
of all eight cultivars when grown in coarse potting soil
used for rice cultivation in the greenhouse. Under these
conditions, maximum depth was not significantly dif-
ferent from that observed in granular substrates for all
the cultivars (Fig. 5E). We also tested the pH, dissolved
oxygen, andwater percentage in the gel and in granular
substrates. Similar amounts of dissolved oxygen were
present in all granular substrates, and sand was the
only growth substrate with a significant decrease in
oxygen levels over time (Tukey’s HSD P = 0.0495; Table
V). We found that the pH remained constant in both gel
substrates but was considerably higher than expected
in the coarse and fine beads (Table V). Comparison

Figure 3. (Continued.)
diameter (B), depth (C), total length (D), width (E), and convex area (F) for each cultivar with significant differences based on
granular substrate. Error bars represent values that are within 1.5 multiplied by the interquartile range of the first and third
quartiles. Lowercase letters represent significance at P , 0.05 between each granular substrate within a cultivar.
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between trait values in plants grown in 13 gel and
granular substrates suggests that the RSA response to
soil texture is independent of the pH at this stage of
development (Tables I and II). The fine beads had a
small but significantly greater amount of water content
than the coarse beads or sand (20% versus 19%; Table
V). The 13 and 63 gels had equal amounts of water.

To further investigate the relationship between sub-
strate hardness and cv Bala root growth, we quantified
RSA depth over time and found that Bala has a much
higher growth rate in the 63 gel compared with the 13
gel for at least 7 d (Fig. 5F). We also tested the dynamics
of cv Bala root growth when encountering a sudden
change in penetration force using containers that con-
sisted of two layers of gel, either 13 gel on top of 63 gel
or vice versa (Fig. 5G). Using this two-layer system, the
oldest roots began to reach the bottom gel layer at ap-
proximately 3 d post planting. When roots transitioned
from 63 gel to 13 gel, the growth rate decreased, and
by day 6 it was equal to that of 13 gel alone.When roots
transitioned from 13 gel to 63 gel, the roots grew
parallel to the 63 gel prior to entering it. Upon pene-
tration of the 63 gel layer, the growth rate increased

rapidly to levels equal to that of the 63 gel alone. This
increase in growth rate wasmaintained for several days
but was equal to that of the 13 gel alone on day 14. We
conclude that cv Bala root growth responds to a de-
crease in substrate penetration force by decreasing the
rate of root growth and ultimately the RSA depth.

DISCUSSION

We used nondestructive x-ray CT imaging of rice
roots to study the response of RSA to changes in the
physical properties of a growth substrate. A major
limitation to the use of x-ray CT is the inability to dis-
tinguish smaller root structures from the organic matter
of soil, making it primarily suited to plants with larger
root structures such as maize, wheat, and tomato. By
taking a systematic approach, we were able to reliably
distinguish rice roots from a granular substrate and
capture the spatial arrangement of the majority of
crown roots. This was made possible through the use of
granular substrates with defined particle sizes. The
bulk density was similar in the granular substrates,
which allowed us to compare the RSA response to

Table IV. Cultivar dry weight in granular substrates

Values shown are means and SD of at least 10 plants.

Granular Substrate Cultivar Root Shoot Root:Shoot Ratio

mg
Fine beads Azucena 10.6 6 2.5 13.9 6 3.7 0.8 6 0.3

Basmati 217 9.1 6 2.1 5.2 6 2.3 2.3 6 1.7
Bala 5.1 6 1.2 10.4 6 2.9 0.5 6 0.1
Caiapo 15.6 6 4.7 8.3 6 2.7 2.0 6 0.8
CO39 6.0 6 1.4 13.5 6 3.3 0.5 6 0.2
IR64 11.5 6 2.6 4.8 6 2.0 2.8 6 1.6
Moroberekan 14.9 6 2.6 5.8 6 1.9 3.2 6 2.5
Swarna 6.8 6 2.3 4.1 6 1.2 1.8 6 0.6

Coarse beads Azucena 6.7 6 3.1 16.9 6 4.2 0.5 6 0.3
Basmati 217 8.5 6 2.2 10.6 6 4.3 0.9 6 0.4
Bala 6.3 6 1.4 14.2 6 2.6 0.5 6 0.2
Caiapo 15.4 6 3.0 12.5 6 4.2 1.4 6 0.7
CO39 6.3 6 4.7 18.8 6 5.3 0.5 6 0.9
IR64 12.6 6 1.4 8.6 6 4.2 1.9 6 1.0
Moroberekan 10.4 6 1.8 10.0 6 4.0 1.2 6 0.5
Swarna 6.0 6 2.5 7.3 6 4.3 1.2 6 0.9

Sand Azucena 16.3 6 5.7 15.8 6 3.8 1.0 6 0.3
Basmati 217 9.9 6 1.8 7.8 6 3.2 1.9 6 1.9
Bala 10.5 6 3.4 15.3 6 2.9 0.7 6 0.2
Caiapo 14.8 6 4.1 12.9 6 4.6 1.3 6 0.9
CO39 7.3 6 2.4 16.4 6 1.8 0.4 6 0.1
IR64 13.6 6 4.7 8.7 6 3.2 1.7 6 0.9
Moroberekan 14.2 6 2.7 10.7 6 1.1 1.3 6 0.2
Swarna 7.3 6 3.5 10.9 6 3.4 0.7 6 0.3

Table III. ANOVA P values for the GxE interaction on RSA traits

Sample Depth Width Total Length Convex Area Diameter Median Root No. Crown Root No.

Cultivar 0.0021 0.0021 0.0021 0.0021 0.0021 0.0600 0.0021
Granular substrate 0.0021 0.0021 0.0040 0.0021 0.0021 0.0021 0.1356
GxE 0.0021 0.0021 0.0021 0.0021 0.0021 0.2230 0.1910
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particle size and should facilitate future studies using
mixtures of particle sizes that more closely resemble
natural soil.
Our experiments revealed that RSA was shaped

through interactions of genotype by growth substrate
texture in 7-d-old plants and that genetic factors were
more influential than environment at this time. The
impact of soil texture on RSA may have been under-
estimated in this study based on previous reports using
tomato, for which the greatest impact of soil texture on
root growth was at 10 d after transplanting (Tracy et al.,
2013). Nevertheless, we found that traits varied widely
among the cultivars, suggesting that many cultivar-
specific root traits have evolved independently, likely
due to cultivation in different environments such aswet
lowland paddies versus drier upland fields. A paddy-
grown plant is likely to have adapted to the presence of
adequate water and would benefit from increased root
exploration near the soil surface, whereas upland rice
survival is likely to be more dependent upon having
deeper root systems that can reach water reserves. This
could explain why we see cultivar-specific patterns of
growth in our experiments and why the GxE response

of root traits is largely controlled by genetic factors. We
predict that each response has a biological underpin-
ning and determines overall plant fitness, either
through enhanced nutrient and water acquisition as a
seedling or through root establishment that benefits the
adult plant. For example, cv Azucena, an upland vari-
ety with known drought resistance (Price and Tomos,
1997), showed little response to varying growth sub-
strate texture and had a consistent depth and spatial
arrangement of roots. We hypothesize that one of the
factors that makes cv Azucena drought resistant is its
ability to maintain a consistent spatial growth pattern
in the presence of hard soil and that this growth pattern
allows the roots to quickly penetrate a layer of com-
pacted soil in an attempt to reach deeper soil with
higher water availability. Therefore, the RSA estab-
lished during the seedling stage has major implications
for survival of the adult plant and ultimately the next
generation.

Our results show that both the growth substrate
texture and hardness can have direct impacts on rice
RSA (Table II; Fig. 5). Unlike in the homogenous gel
substrate, which is formed via chemical cross-links, the

Figure 4. Granular substrate texture influ-
ences root and shoot biomass. A, Depiction of
significant differences between granular sub-
strates for each cultivar and root trait. Shades
of red indicate that a trait value is significantly
different between indicated granular sub-
strates; white indicates no significant differ-
ence. Pairwise significance for each granular
substrate and cultivar was tested by post hoc
one-to-one comparisons of theGxE term using
the Tukey-Kramer HSD test. B and C, Quan-
tification of root (B) and shoot (C) biomass for
each cultivar with significant differences
based on granular substrate. Error bars repre-
sent values that are within 1.5 multiplied by
the interquartile range of the first and third
quartiles. Lowercase letters represent signifi-
cance at P , 0.05 between each granular
substrate within a cultivar.
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Figure 5. The cv Bala RSA depth responds to the penetration force in the growth substrate. A, The cv Bala RSA depth in all growth
substrates. B, Penetration force in all growth substrates. C, The cv Bala RSA depth in increasing concentrations of Gelzan. D,
Representative camera images for plants in C after thresholding using GiA Roots. Bar = 10mm. E, Mean RSA depth of all cultivars
when grown in potting soil. F, The cv Bala growth rate in 13 and 63 gel. G, The cv Bala growth rate in layers of 13 and 63 gel. All
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stress in granular soils is localized in force chains, and
the level of contact forces at the granular level depends
on the size of the soil particles and compaction
(Santamarina, 2003; Wendell et al., 2012). We observed
that coarse beads were much easier to penetrate than
fine beads and that sand was even more difficult to
penetrate. The heterogeneity of stress on the granular
level could be an important factor defining the RSA
response to soil texture. Future studies will be required
to tease apart the effects of hardness and texture on
RSA. It has been reported inmany cereal crops that root
elongation decreases and root thickness increases as
soil compaction increases, limiting soil exploration. In-
terestingly, we did not always see a correlation between
harder growth substrate and reduced root length. Root
traits of cv Bala, CO39, Moroberekan, and Swarna were
unchanged in coarse beads and sand. We also observed
that roots were thinner, not thicker, in the hardest
granular substrate (Fig. 3B). One possible explanation
for these differences are the unique cultivation practices
of rice. Rice is one of the few cereal crops grown in a
wide range of ecosystems that include lowland paddy
fields and upland fields. An alternative explanation for
differences in root thickness could be due to the roots
being grown in a saturated substrate. Previous studies
in rice have tested penetration ability as it pertains to
drought avoidance or tolerance (Champoux et al., 1995;
Ray et al., 1996; Price et al., 2000, 2002a, 2002b; Cairns
et al., 2004, 2009; Bengough et al., 2006, 2011). These
experiments involved withholding water or rain from
fields or pots or the use of paraffin wax layers to sim-
ulate soil hardpan. Thesemethods likely generatemuch
harder soil than we used, but the phenotypes detected
also may be caused by drought stress rather than in-
creased penetration resistance.

In our experiments, we used equal concentrations of
nutrient solution in all growth conditions to minimize
the influence of nutrient availability on RSA. It is still
possible that plants grown in gel substrate experience
lower levels of calcium and magnesium because these
elements are used to cross-link with Gelzan during
solidification. However, we do not think nutrient levels
influenced these experiments, because all of the culti-
vars had comparable RSA between at least one of the
gel substrates and one of the granular substrates. Ad-
ditionally, it is highly unlikely that any nutrient is
limiting in our growth conditions during the first 7 d,
because of the high levels of these molecules being
present in Yoshida’s solution and because many of the
nutrients for early root growth come from seed stores.

We identified a condition inwhich cv Bala RSA depth
was greatly reduced in 13 gel, a substrate with low
penetration force. The cv Bala RSA depth is consider-
ably shorter than that of cv Azucena when grown in the
field; as a result, these cultivars have been used for
genetic studies to identify quantitative trait loci for root
traits (Price et al., 1997, 2000, 2002b; Topp et al., 2013).
Previous studies showed that the maximum root length
of cv Azucena and Bala was equivalent when grown in
soil cores until day 14, after which the cv Bala growth
rate decreased (Price et al., 1997). Hydroponic condi-
tions caused a reduction in cv Bala growth rate at day 7,
while cv Azucena growth rate remained constant.
These data support our findings that cv Bala root length
is equal to that of cv Azucena when plants are grown in
potting soil, granular substrates, and 63 gel but con-
siderably shorter when grown in 13 gel. One would
predict that our 13 gel wouldmirror what is seen using
hydroponics, because the least amount of Gelzan re-
quired for solidification is used, thus creating a

Figure 5. (Continued.)
roots have entered the lower gel layer by day 4. Values plotted represent the change in depth for each consecutive day. Day
14 represents the average depth change from day 7 to day 14. Error bars represent values that are within 1.5 multiplied by the
interquartile range of the first and third quartiles (A, C, and E) or the SE (F and G). Lowercase letters and asterisks represent sig-
nificance at P , 0.05 between each growth substrate using Tukey’s HSD test.

Table V. Chemical properties of the growth substrates

Growth Substrate Day Dissolved Oxygen pH Water Content

mg L21 %
Deionized water – 3.3 6 0.0 5.8 6 0.0 –
Yoshida’s solution 0 4.6 6 0.0 5.8 6 0.0 –

7 4.2 6 0.0 6.4 6 0.0 –
13 gel 0 2.3 6 0.2 5.8 6 0.0 99.7 6 0.1

7 2.0 6 0.3 5.7 6 0.1 99.7 6 0.1
63 gel 0 2.2 6 0.4 5.6 6 0.0 98.3 6 0.0

7 2.4 6 0.2 5.5 6 0.0 98.3 6 0.0
Fine beads 0 2.4 6 0.1 10.2 6 0.3 –

7 2.02 6 0.5 9.8 6 0.2 20.1 6 0.1
Coarse beads 0 2.4 6 0.3 9.8 6 0.6 –

7 1.82 6 0.4 8.5 6 0.3 19.3 6 0.1
Sand 0 2.3 6 0.4 6.31 6 0.0 –

7 1.44 6 0.3 6.6 6 0.1 19.5 6 0.3
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solidified hydroponic environment. Data from Price et al.
(1997) support ourfindings that the cv Bala growth rate in
63gel does not persist after 14 d,whichwehypothesize is
an energy-saving mechanism. The presence of shorter
roots in hydroponics combinedwith our observation of cv
Bala root length in different concentrations of Gelzan (Fig.
5, C and D) leads us to hypothesize that there is a mini-
mum soil penetration force, between 2 and 12 N, required
to elicit rapid root elongation in cv Bala. This allows the
establishment of a framework for soil exploration, and
below this level of force, root elongation is reduced
drastically in order to conserve resources. This hypothesis
is consistent with previous reports that indicated that soil
structure and moderate compaction influence root es-
tablishment and growth (Hamza and Anderson, 2005;
Atkinson et al., 2009; Tracy et al., 2012a, 2012b).

CONCLUSION

RSA traits have an impact on plant fitness and can
provide a growth advantage during times of environ-
mental stress, which ultimately impacts yield. Despite its
importance, the response of RSA to soil is largely unex-
plored due to the difficulty of studying belowground
structures. Our studies provide the foundation to un-
derstand how local soil forces influence RSA develop-
ment.Wehave shown that x-rayCTanalyses can uncover
the RSA response to changes in the soil environment and
can define novel areas for potential RSA improvement.

MATERIALS AND METHODS

Plant Growth

Seeds of rice (Oryza sativa) were dehulled and germinated in the dark at 30°C
for 2 to 4 d in water (x-ray imaging) or on agar plates (gel imaging). Gel-based
imaging was conducted at Duke University and performed as described (Topp
et al., 2013), except that either 13 (0.25%) or 63 (1.5%) Gelzan was used in the
glass cylinders. Glass cylinders containing layers of both 13 and 63 Gelzan
were prepared by first allowing the bottom layer to solidify prior to pouring the
top layer (3 cm thick). Plants of equal size were transferred to either 2-L glass
cylinders containing Gelzan or aluminum soda cans (6.6 cm 3 10.8 cm) con-
taining either 0.24-mm-diameter (fine beads) or 0.7-mm-diameter (coarse beads)
silica beads (Surface Preparation), sieved play sand (less than 0.71 mm; Quikrete),
or potting soil composed of equal parts Fafard 52 (Wyatt Quarles) and Turface
mound clay (Turface; Supplemental Table S1). Soda cans were prepared by re-
moving the top and punching drainage holes in the bottom. The cans were filled
with sand, silica beads (2.5 g cm23), and potting soil that were saturated with
Yoshida’s nutrient solution, pH 5.8. The soil bulk density in sand, coarse beads,fine
beads, and potting soil was 1.384, 1.438, 1.431, and 0.044 g cm23, respectively. The
cans were submerged in Yoshida’s nutrient solution, and the level was kept con-
stant at 1 cm below the top of the can with daily addition of water. All plants were
grown for 7 dwith a 12-h day/night cycle (550–600mmolm22 s21), 28°C day, 25°C
night in climate-controlled growth chambers at both universities. Eight rice culti-
vars were used: cv Azucena (tropical japonica), Basmati 217 (basmati), Bala (indica),
Caiapo (tropical japonica), CO39 (indica), IR64 (indica), Moroberekan (tropical japon-
ica), and Swarna (indica). X-ray reconstructions were generated for six to 15 indi-
viduals of each cultivar; 21 to 38 individuals were used for 13 gel analysis, and
eight to 10 individuals were used for 63 gel analysis.

Root Traits

Adetailed description of all root traits can be found in Topp et al. (2013),with
the exception of crown root number and diameter, which were measured as

described below. Crown root number represents the number of crown roots
emerged that could be seen with the naked eye. Diameter is the root diameter
calculated by GiA Roots, from a scanned flattened image of the root system.
Maximum root depth represents the deepest extent of the root system. Maxi-
mum network width represents the widest extent of the root system. Network
convex area, also known as convex hull area, is equal to the overall extent of
space the network explores. Total root length represents the sum total of all root
lengths in the network. Median root number represents the median number of
roots that a horizontal line crosses from top to bottom of the network.

Root Diameter, Crown Root Number, and Dry Weight

Plants were grown at Duke University in soda cans containing granular
substrate as described above alongside plants for gel imaging. The plants were
removed 7dpost planting andwashed. Crown rootswere counted byhand, and
the root systemwas imaged on a flatbed scanner. The scanned root imageswere
input into GiA Roots, and the root diameter was calculated. After scanning, the
plants were dried in a 60°C oven for 1 week prior to being weighed.

Gelzan Concentration Gradient

Two-liter glass cylinders were prepared as described above using 0.25% (13
gel), 0.5%, 0.75%, 1%, 1.25%, or 1.5% (63 gel) Gelzan. RSA depthwas calculated
after 7 d of growth using GiA Roots. Four replicates for each concentration were
performed.

X-Ray Imaging and 3-D Reconstructions

All x-ray imaging was performed at the Georgia Institute of Technology. A
custom x-ray CT system was used to capture 3-D root structure. A Spellman
Monoblock 502 x-ray source paired with a Varian flat panel detector were used
to capture CT sections. Soda cans were revolved on a home-built turntable fixed
to a scissor lift at a rate of 10 steps per second to capture 200 images per rotation;
top and bottom rotations were captured separately. The turntable and flat panel
detector were positioned 52.1 6 3 cm and 158.8 6 3 cm from the x-ray source,
respectively. After x-ray imaging, the plants were removed and the roots were
photographed with a digital camera to verify the recovery of all roots after 3-D
reconstruction.

Top and bottom CT sections were reconstructed separately using Cobra
software (Exxim Computing) based on the filtered back-projection algorithm
(Feldkamp). The preprocessing step included standard Exxim Computing al-
gorithms and filters. The size of the reconstructed voxel was 0.23 0.23 0.2 mm
and was exported as an image stack using MATLAB. Individually, top and
bottom image stacks were input into Avizo 8.1 software (FEI), and intensity
threshold-based semiautomatic segmentation was performed to generate a 3-D
reconstruction. The top and bottom reconstructions were merged in Avizo
using two reference points (metal bead or wire) that were attached to the out-
side of each can prior to imaging. 3-D reconstructions were exported from
Avizo, reformatted, and input into GiA Roots. Reformatting involved gener-
ating two-dimensional image stacks (MATLAB) that were reassembled into a
3-D voxel model, and 40 rotational snapshots were captured (SciPy) and input
into GiA Roots. All of the image manipulation techniques were validated by a
ground truth model that was created as described (Topp et al., 2013). Three
identical ground truth models were 3-D printed (Proto Labs) and imaged in a
soda can containing fine beads. The average of all three models for each trait
was used to calculate percentage error.

Penetration Force Measurements

Substrate hardness was measured by the insertion of a stainless steel cy-
lindrical probe (diameter, 1.6 cm; length, 3.81 cm) into the substrate 4 cm (to
approximate half of the maximum root depth). The cylinder was attached via a
support rod (diameter, 0.63 cm) to a force-torque sensor (ATI Industrial)
mounted on a robotic arm (CRS Robotics). We defined soil penetration force as
the peak penetration force achieved during substrate penetration. All mea-
surementswereperformed in2-gallonpaintbuckets (Leaktite)withadiameterof
23 cm and a height of 24 cm, to minimize the effect on force from the container
walls. The buckets were filled to a height of 16 cm with sand, fine beads, coarse
beads, or gel. The bottom of the buckets containing sand or silica beads was
perforated and immersed in a larger bucket (28 cm diameter) containing water.
The water level was allowed to equilibrate prior to measuring penetration force
to mimic the moisture content and growing conditions inside a soda can.
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Soil Chemical Properties

Levels ofdissolvedoxygen (mgL21)weremeasuredat adepthof 4 cm following
equilibration using a hand-held dissolved oxygen meter (Extech) with a polaro-
graphic type oxygen probewith automatic temperature compensation. A standard
bench-top pH meter was used to measure the pH of the growth substrate. Water
content was measured by comparing the dry and wet weights of each growth
substrate and calculated as a percentage of water in the wet substrate.

Statistical Analysis

All statistical calculations were performed using JMP Pro version 11. To
analyze the GxE interaction, a biological model that includes genotype, envi-
ronment, and GxE was tested for each trait using linear regression calculated as
the standard least squares (JMP). ANOVA P values were collected for all
models and adjusted using the p.adjust function in R according to the Holm’s
sequential Bonferroni method. The percentage of variance explained by each
model was calculated as the R2 value. To calculate the percentage explained by
each fixed variable, first the full model (genotype, environment, and GxE) was
analyzed, followed by analysis with each variable removed. The R2 value for
GxE was calculated by subtracting the R2 from a model containing genotype
and environment from the full model. TheR2 value for genotype was calculated
by subtracting the R2 from a model containing only environment from the
model containing genotype and environment. The R2 value for environment
was calculated by subtracting the R2 from a model containing only genotype
from the model containing genotype and environment. Pairwise significance
for each combination of granular substrate and cultivar was tested by post hoc
one-to-one comparisons of the GxE term using the Tukey-Kramer HSD test.
Student’s t test was used to compare penetration forces in each growth sub-
strate, because the variance was significantly lower in the two gel substrates
compared with the granular substrates (P , 0.0001) using Brown-Forsythe,
O’Brien, Levene, and Bartlett tests.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Images of particles used in this study.

Supplemental Figure S2. X-ray reconstruction of a ground truth model.
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