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INVESTIGATION
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ABSTRACT Regulation of plant root angle is critical for obtaining nutrients and water and is an important trait for
plant breeding. A plant’s final, long-term root angle is the net result of a complex series of decisions made by a root
tip in response to changes in nutrient availability, impediments, the gravity vector and other stimuli. When a root tip
is displaced from the gravity vector, the short-term process of gravitropism results in rapid reorientation of the root
toward the vertical. Here, we explore both short- and long-term regulation of root growth angle, using natural
variation in tomato to identify shared and separate genetic features of the two responses. Mapping of expression
quantitative trait loci mapping and leveraging natural variation between and within species including Arabidopsis
suggest a role for PURPLE ACID PHOSPHATASE 27 and CELL DIVISION CYCLE 73 in determining root angle.
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Directing growth toward optimal conditions is critical to plant survival.
Roots must grow toward water, nutrients, and physical support, while
simultaneously avoiding growth toward hostile, inadequate, and non-
supportive environments. To that end, the plant must integrate numer-
ous environmental and internal signals to direct root tip and growth
angle in a way that will place the root in an environment capable of
nurturing sustainable long-term growth. A root’s final angle is the

net result of a series of responses to these stimuli. As such, regu-
lation of root angle is an important trait for plant breeding and has
been correlated with increased yield (de Dorlodot et al. 2007;
Lynch 1995).

Among the many environmental conditions to which a plant must
sense, integrate and respond, gravity is a central input. Gravitropism, a
directed short-term growth response to gravity, has been extensively
genetically and mechanistically studied in Arabidopsis thaliana (Müller
et al. 1998; Chen et al. 1998; Marchant et al. 1999; Mullen et al. 1998;
Luschnig et al. 1998; Fukaki et al. 2002; Kerwin et al. 2015). In a short-
term response to gravity, dense starch-containing amyloplasts in the
columella cells at the root tip sediment downward via dynamic inter-
actions with vacuolar membranes and the cytoskeleton (Morita 2010).
This triggers a signaling cascade (Baldwin et al. 2013; Toyota andGilroy
2013; Kimbrough et al. 2004) that alters the localization of auxin PIN
efflux transporters (Sack 1997; Friml et al. 2002). The outward-flowing
auxin transport via AUX, PIN, and ABCB transporters at the root tip
becomes asymmetric, leading to an auxin concentration difference
across the root. A subsequent auxin signaling cascade leads to altered
epidermal cell elongation, with the side of the epidermis having the
higher auxin level exhibiting a lower elongation rate, resulting in the
root tip bending downward (Band et al. 2012; Spalding 2013; Swarup
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et al. 2005). The shifted auxin accumulation also interacts with a com-
plex signaling network including signaling from cytokinin, ethylene,
brassinosteroid, jasmonate, strigolactone, and glucose, enabling multi-
ple environmental inputs to influence gravitropism (Kushwah et al.
2011; Zhou et al. 2011; Kim et al. 2007; Koltai 2015; Gutjahr et al.
2005; Zheng et al. 2011; Sang et al. 2014).

In Arabidopsis thaliana, another type of root growth that involves
long-term interpretation of the gravity vector is wavy growth in a
particular direction (usually right-handed) that occurs when roots are
grown on a vertical, hard agar surface. Arabidopsis roots grown on hard
agar plates inclined to the vertical produce a pattern of waves whose
slanting to the right side is enhanced relative to the directionality on
a vertical agar plate. This phenomenon is referred to as slanting or
skewing. Okada and Shimura (Okada and Shimura 1990) initially
interpreted this as the consequence of an interaction between thigmot-
ropism (bending in response to touch) and positive gravitropism.
Right-handed slanting was first reported by Simmons et al.
(Simmons et al. 1995). and subsequently, slantingmutants were report-
ed by Rutherford andMasson (Rutherford andMasson 1996). Circum-
nutation, or a revolving nutation, is a type of bendingmovement that is
created by unequal growth rates on different sides of the organ
(Migliaccio et al. 2013). Migliaccio and Piconese interpreted slanting
on tilted agar plates as the result of an interaction between right-handed
circumnutation (defined with respect to the right-handedness of the
root helix), positive gravitropism and negative thigmotropism
(Migliaccio and Piconese 2001). Recent employment of computer au-
tomation is providing accurate high-throughput measurement of the
short-term gravity response, allowing an increasing characterization of
novel gravitropism components (Miller et al. 2007; Brooks et al. 2010)
in Arabidopsis thaliana and revealing the presence of additional un-
identified players in a root’s response to gravity.

Root growthangle is regulatednot only by a response togravity. Root
angle can also be regulated in response to nutrient availability and
temperature (Niu et al. 2015; Ritchie et al. 1997;Massa andGilroy 2003;
Bonser et al. 1996; Nakamoto 1995). Regulation of root angle has been
previously linked to drought avoidance in rice (Uga et al. 2011). It is
conceivable that plant species have employed distinct genetic mecha-
nisms to regulate a root’s response to gravity differently from regulation
of root growth angle in response to specific environments. This could
include different short-term and long-term signaling processes to op-
timize root growth angles for nutrient and water acquisition. Here, we
explore the genetic basis of root angle relative to a root’s response to
gravity in the context of natural variation.

Tomato (S. lycopersicum) is an important food crop whose root
development differs in many aspects from the model species, A. thali-
ana, including root angle in the cultivar M82 (Ron et al. 2013). S.
pennellii is an inter-crossable wild relative adapted to growth in dry,
saline and rocky desert conditions, diverging from tomato some seven
million years ago (Nesbitt and Tanksley 2002; Peralta et al. 2005). Root
angle was previously demonstrated to differ between the accessions of
these two species (long-term regulation) (Ron et al. 2013). Further-
more, 24 hr after rotating a plate 90 degrees, the resulting angle was
the same as that prior to the rotation (short-term regulation) (Ron et al.
2013). While the root’s net angle requires the transduction of the grav-
ity vector into growth control, it is unclear if this angle is established
differentially in a dynamic fashion in the short-term and maintained
over the long-term using the same genetic mechanisms. To identify
genetic loci that may independently control root angle over these time
scales, we have exploited natural variation in these traits within tomato.

We thus further explore the long-term regulation of root net angle
between M82 and S. pennellii using a more sensitive and quantitative

descriptor after several days of plant growth (Figure 1A). To determine
if the genetic basis of the long-term regulation of root growth angle is
the same or different from the short-term response to a change in
gravity stimulus, we utilize “computer vision” to determine the dy-
namic genetic basis of root gravitropism over the short-term. This
automated high-throughput approach allows the calculation of the rate
of change of the root tip angle at discrete time points over two hours of
root tip growth following a 90� rotation of a vertically-oriented plate
(Figure 1D).

Using quantitative genetic and transcriptomic approaches, we
mapped quantitative trait loci and expression quantitative trait loci
underlying differences in root angle in the short-term and the long-
term between the accessions from each of these Solanum species.
Together, these data demonstrate that the short-term and long-
term regulation of root angle is largely genetically distinct. Using
this genetic and gene expression resource across 76 introgression
lines containing the S. pennellii genome introgressed into the S.
lycopersicum genome, as well as a GenomeWide Association Study
in Arabidopsis thaliana, we identify two novel players in regula-
tion of root angle, PURPLE ACID PHOSPHATASE 27 (PAP27) and
CELL DIVISION CYCLE 73.

METHODS

Plant growth conditions – average absolute angle and
RNAseq analysis
Seedlings of S. lycopersicum (cv.M82), S. pennellii (LA0716), and ILswere
grown on Murashige and Skoog (MS) plates containing 4.3g L-1 MS,
0.5gL01 2-(N-morpholino) ethanesulfonic, 10g L-1 Suc, pH = 5.8, and
8g L-1 Agar. Seeds were placed in tissue-embedding cassettes and surface
sterilized in 70% ethanol for 2 min, then in 3% hypochlorite for 20 min,
followed by three washes with distilled water. Seven sterilized seeds were
plated on each MS plate in a row 2.5 cm from the top of a square 12- x
12-cm plate and then sealed with 3M surgical tape. A minimum of four
biological replicates of each of 79 genotypes were grown independently at
four different times with 2 weeks between growth cycles for each of the
four replicates. Genotypes included 73 of the 76 ILs of the IL population
(1-1, 3-3, and 6-2-2 lacked seeds), the two parents S. lycopersicum (cv.
M82) and S. pennellii (LA0716), and four sub-ILs: 1-1-4, 7-5-P5, 7-5-P75,
and 7-5-1. Seven plate holders (A through G) each with slots to hold
12 pairs of plates (1A/1B through 12A/12B) were used, with plates paired
so that their bottom sides faced one another. Each plate had 7 seeds
oriented so the radicle would emerge from the seed in a downward
direction. Each IL was plated on 2 plates for 14 seeds total (i.e., per
biological replicate), except M82 and S. pennellii were plated on 4 plates.
For 79 genotypes this totals 79�2 + 4 = 162 plates, leaving 6 empty plate
holder slots. Independently for each replicate, each IL was randomly
assigned to a plate holder and plate position, using an Excel macro
making use of the rand() function to randomly permute the list of ILs
for the replicate. The 2 plates of each IL were placed into the same plate
holder slot, back-to-back (positions A/B), and the 6 empty plate holder
slots were filled with extra plates containing seeds. The 7 plate holders
were placed on one shelf in the growth chamber, positioned and oriented
so as to give each plate the same exposure to light and surrounding space.
The experiments were carried out in a growth chamber with a 16:8 light:
dark cycle at 22� and 50–75% humidity with a light intensity of 100mE. A
harvest day was chosen for each plate by choosing the day that maxi-
mized the number of plate seeds that were 3 to 4 days post-germination.
Immediately prior to harvesting root tissue for RNA-seq, plates were
scanned with an Epson Perfection V700 photo flatbed scanner into
24-bit RGB TIF image files at 300 dpi. Plates were opened only once,
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at harvest time, to ensure the same growth conditions for all seedlings.
Sampling occurred mid-afternoon. Between 7 and 14 root tip segments
(1cm), 3 to 4 days post-germination, from each genotype replicate were
cut and immediately placed into a labeled 2ml tube containing silica
beads and immersed in liquid nitrogen. Samples were stored at 280�
until library preparation.

Image analysis, phenotype measurement, mixed effect
linear model and ANOVA
Each replicate of each genotype had between 2 and 5 plates, all of which
were scanned as described above. Images were analyzed with ImageJ
(Rasband 1997-2014) supplemented with custom macros. Based on
germination date and scan date, seedling age in days after germination

Figure 1 Average absolute angle and gravitropism in M82 and S. pennellii. (A) Roots of M82 (left) and S. pennellii (right). Scale bar = 1 cm. (B)
Quantification of average absolute angle. (C) S. pennellii has a significantly greater average absolute angle relative to M82. ���= P, 0.001 (ANOVA). (D)
Gravitropism was measured as the rate of tip angle change over two hours following a 90� rotation, with 0� as horizontal to the right and positive angle
clockwise (as the tip bends downward). (E) Mean tip angle of M82 (n = 89) and S. pennellii (n = 18) as a function of time after rotation by 90 degrees. Error
bars represent standard error of the mean. (F) Mean tip angle curve for all rotated (Rot) roots (solid) has the same response curve shape as, and is
intermediate between, curves for roots rotated (rot) through or away from the gravity vector (dashed). M82: n = 36 away, n = 53 through; S. pennellii: n =
10 away, n = 8 through. Error bars represent standard error of the mean. (G) Mean rate of change of tip angle (swing rate), per time point in the two hours
following 90 degree rotation of M82 (n = 89) and S. pennellii (n = 18). Error bars represent standard error of the mean.
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wasdetermined, andprimary roots of seedlings thatwere 3 or 4 days post-
germination were traced with the imageJ polyline tool, following the root
centerline from the top of the root (the hypocotyl/root junction) to the tip
along with metadata including genotype, plate ID, plating date, germi-
nation day of each seedling, plate harvest date,measurer, and twoflags for
each root: “collide”was true if the root contacted or crossed another root,
and “along”was true if the root contacted another root and grew along it
for any distance. Additional data were calculated from themetadata: root
age (days from germination to harvest), “germination age” (days from
plating to germination), “plating age” (days from plating to harvest), and
biological replicate number The polylines in the data were analyzed to
measure root average absolute angle (Figure 1B).

The derived angle datawere used tofit themixed-effect linearmodel
trait � genotype + collide + (1|germAge) + (1|plateDate), using the R
lm() function in the stats package [68], the lmer() function in the lme4
package (Bates et al. 2015), and the lme() function in the nlme package
[69]. The p.adjust() function was used to perform FDR adjustment of
p-values using the “fdr”method [70]. Significance was defined as either
pFDR # 0.01 or pFDR # 0.05 depending on the analysis (Table S1). All
phenotype analysis code, macros, input data, augmented data, and re-
sult files are included in a supplemental dataset (S1_Dataset.zip).

Four ILs from the 2013 experiment (Ron et al. 2013), 6-1, 6-2-2, 8-2
and 9-1, along withM82 samples from that experiment, were measured
for avgAbsAng as described above, and the angle data were used to fit
the mixed-effect linear model trait � genotype + (1|plateDate) using
the lme() function, and p.adjust() was again used to perform FDR
adjustment of p-values using the “fdr” method. Significance was de-
fined as pFDR # 0.01 (Table S1).

Gravitropic Rotation experiment

Growth and plating: Tomatoseedsplaced inperforatedplasticcassettes
were surface-sterilized by soaking for 2 min in 70% ethanol, then for
15 min in a 50% household bleach solution. The seeds were then rinsed
6 timeswith sterile distilledwater and immediatelymoved to sterilefilter
paper wetted with sterile distilled water contained in polystyrene Petri
dishes. The dishes were placed horizontally in a continuously lit growth
chamber for a minimum of 24 hr. Upon emergence of the radicle, seeds
wereplaced onMS salts+ 1%sucrose+ 0.8%agarmedia. The agar plates
were maintained vertically in a continuously lit growth chamber for
a minimum of 24 hr, after which seedlings with roots between 10 and
20 mmwere moved to a new plate of MSmedia in such a way as not to
alter the initial angle of growth. These plates with seedlings were
mounted in the imaging platform and allowed to recover for 1 hr.

Rotation, imaging, image processing, trait measurement: Vertically-
oriented plates containing seedlings were rotated +90� (counter-clock-
wise) about an axis perpendicular to the plate, so that a seedling
growing at an angle of 6A� to vertical (positive angle counter-clock-
wise) attains an orientation of +90 6 A� to vertical, or ∓ A� to hori-
zontal (positive angle clockwise, thus the sign flip). Plates were rotated
in a direction that was randomwith respect to whether the pre-rotation
angle of any given seedling was clockwise or counter-clockwise of
straight down, hence the initial angle after rotation, when averaged
across many seedlings, is close to zero.

Images were recorded every 3.75 min a total of 34 times over the
course of two hours immediately at and following 90 degree rotation.
Images were analyzed using a high-throughput automated image ac-
quisition and analysis system for root tip angle and tip angle rate of
change (Moore et al. 2013).

Linear model fitting and ANOVA: Model fitting for the gravitropic
rotation experiment was done using R (RCore Team 2014). The lm()
function in the stats package fit the model “trait� genotype” to each
individual time point for both the tip angle and derivative traits, and
the p.adjust() function was used to perform FDR adjustment of
p-values using the Benjamini-Hochberg method. Time points with
pFDR # 0.01 were considered significant. All rotation analysis code,
input data, and result files are included in a supplemental dataset
(S2_Dataset.zip).

RNA-seq experiments

RNA-seq for germination day expression variation testing: Due to
the inability to synchronize germination in M82 seeds and seed limi-
tation, we explored expression variation in 3-, 4- and 5-day-old seed-
lings.M82 seedlingswere grownasdescribed above, andharvest date for
eachplatewas chosen toprovide7 to10seedlings ononeplate for eachof
the three germination ages, and 7 to 10 root tips for each seedling age
were collected as described above.

RNA-seqlibrarieswerepreparedfromfour replicatesofM82foreach
of the three root ages.

Libraries were created using a custom high-throughput method for
Illumina RNA-seq with a poly-A enrichment step (Kumar et al. 2012).
Libraries were pooled and sequenced in 50 bp single-end format at the
UC Berkeley Genomics Sequencing Laboratory on two lanes of the
HiSeq 2000 platform (Illumina Inc. San Diego, CA, USA).

Reads from the sequencing were demultiplexed, filtered for quality,
and mapped to the Heinz cDNA genome version ITAG2.3, obtained
from SolGenomics.net (www.solgenomics.net) (Fernandez-Pozo et al.
2015). The R package edgeR (Robinson et al. 2010) was used to nor-
malize themapped read counts using the TMMmethod (Robinson and
Oshlack 2010), to estimate overdispersion and tagwise dispersion
(Robinson and Smyth 2007), and then to call differentially expressed
(D.E.) genes between each of the three pairs of conditions (3-4,
3-5, and 4-5 days post-germination). The topTags() “fdr” method
(Benjamini and Hochberg 1995) was used to adjust for multiple
testing (pFDR # 0.01).

The number of D.E. genes between each pair was small, and the
differences between each pair were small, with the largest difference
deemed to be between the 3- and 5- day samples. Days 3 and 4 were
chosen as germination days for subsequent RNA-seq sampling.

IL RNA-seq library preparation and sequencing
The same root tissue harvested for measuring average absolute angle,
described above, was used for the RNA-seq libraries,whichwere created
using the Kumar et al. protocol with one modification: NEXTflex-96
adaptors were used. Library enrichment was done using 12 cycles. Each
library was barcoded, using a unique bar code for each IL, but the same
barcode for all replicates of an IL. The libraries of each replicate were
pooled, and the four pools were purified with Ampure beads. The
library pooling was tested using a Bioanalyzer.

Each replicate’s libraries were pooled and sequenced in 50 bp single-
end format on a total of 5 lanes of a HiSeq 2000 platform (Illumina Inc.
San Diego, CA, USA) at the UC Berkeley Genomics Sequencing Lab-
oratory. Two replicates were lost during library creation, pennellii #3
and IL7-5 #3, and the remaining three replicates were deemed sufficient
for the experiment.

RNA-seq data filtering
Perl (Wall 1987-2012) scripts were written to check sequencing read
files for expected bar codes, discarding questionable reads, masking
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low-quality bases, and demultiplexing the reads. RNA-seq reads con-
taining polyN sequences of length $15 or containing significant frag-
ments of either the forward or reverse adapter or their reverse
complements were discarded. Bases with quality scores # 20 were
masked asN’s, and leading or trailingN’s were trimmed from the reads.
Any two N’s within the read separated by fewer than 20 bp of non-N
were trimmed and the read split into two reads at that point, with the
longest piece retained. Trimmed reads with fewer than 10 non-N bases
at the start or end, or with length, 30, were discarded. Libraries were
demultiplexed by matching the read bar code to the library bar code or
any code obtained from it by a single bp change including a change to
N. FASTQC (Andrews 2011) was applied to the demultiplexed read
files and its output examined for problems. Two test lanes were run for
each pool for genotyping and double-checking library concentrations,
before running the final three lanes, with all useable reads retained.

Genotyping
We genotyped all libraries using the sequencing data. Matched refer-
ences for S. lycopersicum cv. M82 and S. pennellii (Koenig et al. 2013)
were concatenated into a single reference, and reads mapping with
BWA (Li and Durbin 2009) to more than one position were discarded,
leaving reads uniquely mapping to one or the other accessions of the
two species. These reads were plotted and compared to the expected
introgression positions of each IL.

Chimeric references, read mapping, D.E. calling, and
cis/trans classification
The approximate genomic positions of each IL’s introgression, from
(Chitwood et al. 2013) for most ILs and via IL genotyping for a small
subset of ILs (1-1-4, 7-5-P5, 7-5-P75, and 7-5-1), were used to combine
the two matched references into a single chimeric reference containing
the M82 sequence everywhere except in the introgression, where the S.
pennellii sequence was used. Genes located at the introgression bound-
aries may have suspect expression counts, particularly in IL7-5-1, IL7-5-
P75, and IL7-5-P5. Reads were mapped to the chimeric references using
BWA (Li and Durbin 2009) with arguments “aln -t 4 -k 1 -l 25 -n 0.1 -e
15 -i 10”. Mapped reads were counted per file with samtools (Li et al.
2009), and R code was used to gather and combine all count files. The R
package edgeR (Robinson et al. 2010) was used to normalize the mapped
read counts using the TMMmethod (Robinson and Oshlack 2010) and
normalized counts were summed over replicates for each genotype to
provide mean expression data for later use. Overdispersion and tagwise
dispersion were estimated with edgeR (Robinson and Smyth 2007), and
differentially expressed (D.E.) genes were called between each genotype
and M82 or PENN. The topTags() “fdr” method (Benjamini and
Hochberg 1995) was used to adjust for multiple testing (pFDR# 0.01).
Each D.E. gene was categorized as cis or trans (Figure 3A) based on its
known genomic position and the known positions of each introgression.

Testing IL bins for D.E. genes consistent with a trait
A D.E. gene was defined as consistent with a trait if the gene is
significantly differentially expressed in relation to M82 in at least two
significant ILs of the gene’s bin, and the direction of the change in
expression relative to M82 over all those significant ILs is consistent
with the trait. To be consistent with the trait, the expression was either
positively or negatively associated with the trait in all significant ILs for
that trait – i.e., an increase in expression (relative to M82) corresponds
to an increase (positive) or decrease (negative) in the value (relative to
M82). A minimum mean normalized expression count of 5 was re-
quired for a gene to be tested.

Validation of Sl/SpPAP27 as an eQTL using qPCR
Real-time PCR primer pairs were designed using Primer-BLAST (Ye et al.
2012). Reference gene primers (Solyc01g014230): F, 59 AGATTTGATG-
GACCCTGCTACCG-39 and R, 59- TCTTGACCGATTCCTGCTCT-
TCC-39; PAP27 primers: F, 59- CCCATTTACCAGAATCAATGTGT-39
andR, 59-TGGTGGTGAATCTATTCAAATGAG-39. Amplification was
performed with a MyIQ Real-Time PCR Detection System (BIO-
RAD) using SyberGreen Dye (Biorad) and the following program:
cycle 1, 10 min at 95�; cycle 2, 45 times 20 s at 95� followed by 30 s
at 60� for Ref gene and 62� for PAP27; cycle 3, 15 s at 95�; and cycle 4,
70 times 30 s at 55�. The final volume of the PCR was 20 ml. The
U-box domain-containing protein 4 (Solyc01g014230) was used as an
internal control to normalize for variation in the amount of cDNA
template. Each real-time PCR experiment contained three technical
replicates. Three biological replicates (RNA from independently har-
vested tissues) were used. The relative gene expression levels were
calculated using the 2–ΔΔt method (Livak and Schmittgen 2001).

Measuring average absolute angle in Col-0
overexpression lines of PAP27
The AtPAP27 gene (AT5G50400) was amplified from Col-0 cDNA
using primers at the start and stop codons and cloned into D-TOPO
and sequence validated. Primer sequences are found in Table S11.
Resulting pENTR clones were recombined via LR into pK2GW7,
which contains a 35S promoter. These constructs were transformed
into Agrobacterium tumefaciens strain GV3101 and Col-0 plants were
transformed via the floral dip method. T1 transformants were selected
onMSmedia containing kanamycin, and reselection was repeated with
T2 transformants. To confirm that the construct increased expression
of PAP27, RT-qPCR was performed on the T3 transformants.

Quantifying expression in PAP27 overexpression lines
Total RNA was extracted from PAP27 overexpression lines and
Col-0 controls approximately 7 to 10 days after germination.
cDNA for each biological replicate was synthesized from four to
six Arabidopsis seedlings using an adapted protocol in (Kumar
et al. 2012). Amplification was performed on CFX96 Touch Real-
Time PCR Detection System (Biorad) using SyberGreen Dye
(Biorad) using the following program: cycle 1, 2 min at 95�, cycle
2, 40 times 5 sec 95� followed by 60� for 30 sec, cycle 3, 5 sec 95�
followed by 60� for 5 sec. Primer sequences are found in Table S8.
EF1a, was used as an internal control for variation in cDNA.
Three to five biological replicates and four technical replicates per
biological replicates were used. The relative gene expression levels
were calculated using the 2–ΔΔt method (Livak and Schmittgen
2001).

Determination of orthology for PAP27 homologs
BLAST+ (Camacho et al. 2009) was used with the protein se-
quence for Solyc07g008570 against the S. lycopersicum ITAG2.3
genome(Bombarely et al. 2011; Tomato Genome Consortium 2012)
to identify five highly similar paralogs, and again against the S. pennellii
V2.0 genome(Bolger et al. 2014) to identify seven highly similar homo-
logs, and a third time against the A. thaliana TAIR10 genome(Lamesch
et al. 2012; TAIR10 2013) to identify three highly similar homologs, the
most similar being AT5G50400 (Table S9). Two more homologs per
species were identified with BLAST+, having lower identity to the query
sequence, for use as outgroup sequences. AT5G50400 was used to query
EnsemblPlants (Kersey et al. 2014) for a phylogenetic gene tree (EBI
2015) precomputed using homology to the protein sequence of
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AT5G50400 (Vilella et al. 2009). The tree was used to identify two A.
thaliana paralogs and six S. lycopersicum homologs, which were the same
ones identified with BLAST+ (Figure S5). The protein sequences of all
16 homologs were multiply aligned with Muscle (Edgar 2004). A max-
imum likelihood phylogenetic tree was constructed with 200 bootstraps
using MEGA (Tamura et al. 2011) from the aligned sequences. To con-
firm relationships shown in this tree, we used protein sequences from all
these genes and the next two best BLAST hits from each of the three
species to serve as outgroups, for a total of 22 protein sequences, to do a
multiple alignment and generate a maximum likelihood tree (Figure S6).
Based on these two trees, we identified PAP27 (AT5G50400) as the most
similar Arabidopsis gene to Solyc07g008570. Also based on these trees, we
assigned working symbolic names to the genes (Table S9).

PAP27 homolog rearrangements
Close study of the alignment of the PAP27 homologs in M82 and S.
pennellii showed that the Sopen07g004470 region containing exons
6-11 appears to have undergone a tandem duplication to the region
containing exons 12-17 of the same gene and another tandem dupli-
cation to exon 6-11 region of Sopen07g004480. Solyc07g008550 has
11 exons, and exon region 5-11 maps well to Sopen07g004470 exon
region 5-11. There is no sign of Sopen07g004480s exon 1-5 region in S.
lycopersicum, but Sopen07g004470s intron 1-2 region maps well to
Solyc07g008550 intron 1-2 region.

Arabidopsis root angle genome wide
association analysis

Plant material and growth conditions: Seeds of 257 Arabidopsis
thaliana accessions (Table S6) from the RegMap panel (Horton
et al. 2012) were surface sterilized for one hour with chlorine gas
generated from 130 mL of 10% sodium hypochlorite and 3.5 mL of
37% hydrochloric acid. For each accession, 24 seeds were plated
over eight plates in a permutated block design to account for posi-
tional and within-plates effects. Seeds were placed on the surface of
50 mL 1x MS medium pH 5.7 with added 0.8% (w/v) agar (Duchefa
Biochemie), 1% (w/v) sucrose. Seeds on plates were stratified 3 days
at 4� in the dark, then plates were positioned vertically in tight racks.
Racks with plates were then transferred for germination and growth
to a chamber with constant 21� and a 16h-light/8h-dark cycle. Data
for a subset of these lines (163 accessions) has been published in
(Slovak et al. 2014).

Scanning, phenotyping, and direction index/root angle analysis:
Color images at 1200dpiwere acquired onday 4using a cluster of Epson
PerfectionV600 flatbed scanners (Seiko Epson). The cluster of scanners
was operated by the BRAT image acquisition tool to speed up the
acquisition process and acquire 8 scans simultaneously (Slovak et al.
2014). TIFF images at 1200dpi 8-bit RGB were processed by BRAT
software (Slovak et al. 2014), a FIJI plug-in (Schindelin et al. 2012).
BRAT image acquisition tool and software executed unsupervised im-
age segmentation and root detection, supervised quality control and
subsequent automatic trait evaluation. The direction index trait is cal-
culated as a sum of values assigned at each pixel of the main root from
the hypocotyl/root junction toward the root tip (straight downward: 0,
diagonal downward: 1, straight left or right: 2, diagonal upwards: 3,
upwards: 4) (Slovak et al. 2014). The total sum is then divided by the
number of pixels visited. Root angle is calculated as the angle between
root vector (specified by the hypocotyl/root junction and the root tip
projected on the root topological skeleton) and the vertical axis of root
picture (assumed vector of gravity) [�].

Genome wide association mapping for average root direction in
A. thaliana:Median root direction index of 257 accessions (n = 7 to 24)
quantifiedbyBRAT(n=7 to24)wasused forGWAS(Slovak etal.2014).
TheGWASwas performed on a GMI computer cluster with algorithms
identical to the ones used in the GWAPP Web interface (Seren et al.
2012). In particular, this is an accelerated mixed model (EMMAX)
(Kang et al. 2010) followed by EMMA (Kang et al. 2008) for the most
significant 200 associations. We took into account SNPs with minor
allele counts greater than or equal to 12.

Identifying genes with conservation of root angle Between A.
thaliana and Solanum species: The GWAS results for median root
direction index/root anglewerefiltered to include only SNPs that passed
FDR threshold of 10% using the Benjamini–Hochberg–Yekutieli mul-
tiple testing procedure (Benjamini and Yekutieli 2001). We listed an-
notatedA. thaliana genes (Lamesch et al. 2012; TAIR10 2013) that were
within 4000 bp (upstream or downstream) of significant SNPs. This list
was intersected with putative S. lycopersicum orthologs that mapped
into intervals that influenced root GSA from ILs significant for avgAb-
sAng. Putative orthologous genes were selected through a multi-step
process utilizing the expressolog database (Patel 2013; Patel et al. 2012).
S. lycopersicum genes having an expressolog homology score of at least
50 and an expression correlation of at least 0.25 were selected. If these
conditions could not be met, the S. lycopersicum gene with the highest
homology score in the same orthoMCL (Li et al. 2003) cluster as the A.
thaliana gene and having a homology score of at least 50 was used.

Growing and phenotyping T-DNA and transgenic Lines for GSA:
Col-0 and randomly drawn (negative control) T-DNA lines in Table S7
were grown and phenotyped for GSA. Confirmed homozygous lines
were obtained using PCR with the standard primers for the particular
T-DNA and transgenic line (Table S8). For each line tested, two plates
of seedlings were grown. Each plate had 16 T-DNA or transgenic seeds
and 16 Col-0 seeds on opposite sides of the plate with four rows of four
seeds each, andwere grown in the same growth chamber for seven days,
then scanned on an Epson Perfection V700 photo flatbed scanner into
24-bit RGB TIF image files at 600 dpi.

Fixed-effect linear models for root angle analysis of T-DNA and
transgenic lines: Scanned images were loaded into ImageJ (Rasband
1997-2014) supplementedwith custommacros asdescribed for the tomato
root imaging. Angle traits were computed and used to fit the fixed-effect
linear model “angle �1+genotype�plate” on an individual basis for the
seedlings from each pair of plates containing a single T-DNA or trans-
genic line and Col-0 controls, using the R functions lm() and anova().

DATA AVAILABILITY STATEMENT
RNA-seq raw read data for the ILs and parents are available under GEO
accession GSE87162. Supplemental material available at Figshare:
https://doi.org/10.6084/m9.figshare.7237562.

RESULTS

Long-term and short-term regulation of root growth
angle differs Between M82 and S. pennellii
S. lycopersicum cv. M82 differs dramatically from S. pennellii in mean
root tip angle (Figure 1A) (Ron et al. 2013). To determine whether this
difference extends to the net root angle, we used a more sensitive and
quantitative descriptor – average absolute angle (avgAbsAng). We
defined avgAbsAng as the net angle from the root-hypocotyl junction
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to the final root tip (Figure 1B). This is a different trait than root slanting
or skewing. Slanting or skewing in Arabidopsis is characterized by a
right-handedness of growth observed on a vertical plate but which is
enhanced on a tilted agar plate. In tomato, there is no similar angle bias
as neither M82 nor S. pennellii displayed a significant preference for
right-handed or left-handed growth (Figure S1).The two parents differed
significantly (pFDR = 6e-45) in avgAbsAngwith S. pennellii always having
an increased angle relative to S. lycopersicum (Figure 1A, 1C).

To explore whether the short-term dynamics of a root’s response to
gravity (gravitropism) differs between the accessions of these two So-
lanum species, root tip angle was measured every 3.75 min at 34 time
points over the course of two hours following a 90� rotation (Figure
1D). 3.75min was determined to be an appropriate sampling frequency
such that enough growth occurred during the time interval to exceed
one pixel, the minimum measurable change. The standard coordinate
system for rotation experiments is used, where 0� is to the right (di-
rection to which seedlings were rotated) and positive angle is clockwise.
In response to the 90� rotation, M82 rapidly changed over the 124 min
from an average initial angle of -4� to +32� (90-32 = 58� from vertical),
a total change of 36� (Figure 1E, Supplemental Movies 1 and 2). In
contrast, the mean angle of S. pennellii changed much more slowly,
from its initial average angle of +10� to +22� (90-22 = 68� from verti-
cal), a change of 12�, two hours after rotation. The initial root angles are
not at 0� because the plates were rotated 90� independent of their root’s
established growth angles. Thus, if one considers a horizontal line in the
changed plate to be 0�, some roots may rotate “through” the gravity
vector to a positive angle (below horizontal after rotation) and others
will rotate “away” from the gravity vector to a negative angle (above
horizontal after rotation). The response curve of tip angle over time has
the same shape for roots rotating “away” and “through”, and therefore
“away” and “through” samples were combined to calculate the mean
rate of change of the root tip angle (swing rate) (Figure 1F). Swing rate
measures the dynamics of gravitropism. These dynamics differ sub-
stantially between the accessions of these two species. Approximately
30 min (Timepoint 7) after the gravity stimulus, M82 showed a maxi-
mum swing rate of 11�min-1, while S. pennellii showed a peak of 4�min-1

at 10 min, followed by a dampened and noisy swing rate, when com-
pared to M82 (Figure 1G, Table S2). ANOVA analysis showed that
the swing rate of S. pennellii differed significantly (pFDR # 0.01) from
M82 at 11 time points (Table S3). To determine if root growth rate
over this time period could account for these differences in swing rate
over time, we also calculated root growth rates for M82 and S. pennellii
(Figure S2). These rates are very similar and are not sufficient to
explain the difference in the gravitropic response between the acces-
sions of these two species. This is similar to what has been reported in
Arabidopsis thaliana (Brooks et al. 2010).

Identification of genetic loci regulating the S. pennellii
long-term root growth angle trajectory
To explore whether the short-term vs. long-term regulation of root
angle is determined by distinct genetic mechanisms, we proceeded to
map the underlying loci using the introgression lines derived from these
two parents (Eshed and Zamir 1995). Out of the 76 ILs, 23 were sig-
nificantly more angled than M82 (pFDR # 0.01) for avgAbsAng (Table
S1) which highlights the multigenic control of this trait. Significant
difference of an IL relative to its recurring parent is by definition a
QTL. In a previous study, 15 ILs had a significant increase in mean
root tip angle (Ron et al. 2013) and 11 of these 15were among the 23 ILs
identified as having an avgAbsAng significantly different from M82
(Figure S3). Of the remaining four ILs, 6-1, 6-2-2, 8-2, and 9-1, one

(6-2-2) was not grown or measured in this experiment due to lack of
seed. We re-measured the archived images of these four ILs for the
avgAbsAng trait, and all four were significantly different than M82
(Table S1). Two of these ILs had low but non-significant avgAbsAng
q-values in the current experiment (0.175 for 6-1; 0.060 for 8-2) and the
last IL, 9-1, had completely non-significant avgAbsAng. This extensive
overlap of these two datasets is expected since avgAbsAng and mean
root tip angle measure similar traits. We thus included the four ILs that
were exclusive to the earlier experiment, to comprise a comprehensive
set of ILs regulating root angle (Table S1).

Identification of genetic loci regulating root
gravitropism in the short-term
Because these two accessions differ in root angle and gravitropism, we
proceeded tomap the underlying loci. The same automatedpipeline and
ANOVAanalysis approach described above was used to phenotype root
tip angle and swing rate over a two-hour time period as described above,
in the same IL population as that for identification of loci regulating root
angle. ANOVA statistical models showed that 30 ILs that were signif-
icantly different than the M82 recurrent parent in swing rate at many
time points (Figure 2A, Table S3). Nine ILs had a significantly different
swing rate compared with M82 at three or more consecutive time
points, with some ILs responding to the gravity stimulus more slowly
than M82 (IL1-4-18, IL4-1-1, IL4-3, IL6-1 and IL7-5-5) and other ILs
responding faster thanM82 (IL1-4-18, IL2-1, IL2-1-1, IL10-2 and IL12-
3-1). Notably, IL1-4-18was slower thanM82 fromT2 through T11, and
faster than M82 from T24 to T27. Those responding faster than M82
did so either early or late in the time course, while those responding
slower than M82 typically did so in the middle of the time course. This
shows that distinct genetic loci regulate the root’s rate of change in
growth angle at different times over the observed period.

Common and distinct genetic loci determine short-term
and long-term regulation of root angle
We hypothesized that if root angle and gravitropismwere controlled by
polymorphisms in genes within the same pathways, that the significant
ILs identifiedwouldoverlapbetween these two traits.Alternatively, if the
polymorphisms were in genes affecting different pathways, the ILs
would be specific to one trait (i.e., gravitropism) and not affect the other
trait (i.e., avgAbsAng). Pearson correlation of avgAbsAng with swing
rate at each of the 34 time points showed that R2 is never more than 0.2
and is only larger than 0.1 at 2 time points (T21 and T22) (Figure S4).
Comparison of significant ILs identified for gravitropism (limited to
those with a swing rate significantly different from M82 at three or
more consecutive time points) and for root angle (avgAbsAng signif-
icantly different from M82) The vast majority of the significant ILs are
specific to either root growth angle or gravitropism. Twenty-four ILs
are specific to root growth angle, six ILs are specific to gravitropism,
and only three ILs (1-4-18, 6-1 and 7-5-5) showed an effect on both
root growth angle and gravitropism (Figure 2B). Therefore, root angle
and gravitropism are largely regulated by different loci suggesting that
most of the polymorphisms are trait-specific. We hypothesize that the
two ILs which influence both traits may contain loci that influence com-
mon molecular processes that are central to a plant’s response to gravity.

Global transcriptional changes underlying root angle
and gravitropism
A common approach to identify causal genes underlying QTL is to
conduct an Expression Quantitative Trait Locus (eQTL) analysis. To
further refine this approach, we conducted a developmentally focused
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eQTL analysis by measuring gene expression solely within 1 cm of the
root tip under the hypothesis that signaling that regulates these traits
operates within the root tip. Using RNA-seq, we measured variation in
gene expressionwithin 1 cmof the root tip for the parents and all the ILs
across independently replicated samples. To align the resulting se-
quences, we created custom chimeric reference genomes for each IL,
predominantly comprised of S. lycopersicum sequence except for the
IL’s introgression region, which was comprised of S. pennellii sequence.
This approach has previously been successfully utilized to characterize
biological processes underlying leaf number, complexity and hypocotyl
length (Ranjan et al. 2016; Koenig et al. 2013).

Each identified eQTL represents a position in the genome where a
polymorphism causes differential accumulation of a specific transcript.
A cis-eQTL represents a polymorphismphysically located near the gene
encoding the transcript being measured. A trans-eQTL is located in a
portion of the genome with no physical linkage to the gene encoding
the measured transcript (Kliebenstein 2009). Differentially expressed
genes (DEGs) and thus, eQTL, were identified in cis and in trans for
each IL relative to M82 (Kliebenstein 2009). In the majority of ILs, the
number of cis-eQTL is more than the number of trans-eQTL (Figure
3A). The frequency of trans-eQTL was more variable than that of cis-
eQTL suggesting that ILs withmuch higher numbers of trans-eQTL are
hot spots for trans-effects (Figure 3A). The resulting differential gene
expression in each IL is visualized at the University of Toronto BAR
browser (Patel 2015) (Figure 3B).

Fine mapping of regulatory genes for root angle
To identify putative regulatory genes controlling the variation in
avgAbsAng, we refined the size of candidate genetic intervals by
identifying “bins”, areas of overlap covered by multiple ILs (Figure

3B). Among the 23 ILs which have a significantly different root angle
than M82, are 49 “bins” which represent independent genetic intervals
that regulate avgAbsAng. This allowed us to focus on the bin d-7B
interval, defined by overlap of ILs 7-5, 7-4-1 and 7-4, which all possess
an increased avgAbsAng and the exclusion of the region defined by IL7-
5-5, which did not possess an increased avgAbsAng. To further narrow
the bin d-7B interval, we investigated sub-ILs that subdivided this bin,
sub-IL7-5-1, sub-IL7-5-P5 and sub-IL7-5-P75 (Figure 4A). The sub-
IL7-5-P75 had an average absolute angle that differed significantly from
M82, while sub-IL7-5-1 and sub-IL7-5-P5 did not (Figure 4A). This
result indicates that sub-bin d-7B-3, which spans an estimated 220kbp
region comprising 19 genes, contains a gene for which the S. pennellii
allele is causative for a higher avgAbsAng. To further reduce the num-
ber of candidate genes within these regions, we identified candidate cis-
eQTL in multiple ILs whose introgression overlaps define a bin where
expression correlated with root avgAbsAng. Of these bins with corre-
lated cis-eQTL, bin d-7B-3 contains a single cis-eQTL out of 19 genes in
the interval, Solyc07g008570, PURPLE ACID PHOSPHATASE27-4a
(Figure 4B). Expression of the gene associated with this cis-eQTL,
Solyc07g008570/Sopen07g004470 (hereafter referred to as SlPAP27) cor-
relates with root average absolute angle across the ILs used to identify
the interval on chromosome 7 (R2 =0.79, Figure 4B) and was confirmed
with qPCR in these ILs (Figure 4C).

Using gene phylogenetic trees (Figure S5, S6), we identified the
nearest SlPAP27 (designated SlPAP27-4a in Figure S6) homolog in
Arabidopsis as AT5G50400 (AtPAP27). To test and validate the
sufficiency of AtPAP27 to regulate root growth angle in plants, we
proceeded to test this gene’s influence on Arabidopsis root angle.
Since increased expression of this gene was correlated with in-
creased growth angle in S. pennellii, we overexpressed AtPAP27

Figure 2 The genetic architecture of root angle is largely distinct from that of root gravitropism. (A) ILs showing significant differences in swing
rate over time. Time points are separated by 3.75 min. Early response = T0-T6, middle response = T7-T19; late response = T20-T33. Color
indicates magnitude of effect (difference of means of swing rates of ILs vs. M82), and only ILs with pFDR # 0.05 (ANOVA) are colored. (B) Overlap
in QTL for root angle and QTL for gravitropism at three or more consecutive time points (pFDR # 0.05, ANOVA) relative to M82.
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in the Col-0 accession to determine if this was sufficient to alter
root growth angle. The collective average absolute angle of
AtPAP27 summed across four independent overexpression lines
of AtPAP27 differed significantly from Col-0 (P # 0.01 including
insertion line in the linear model, Figure 4D). Furthermore,

avgAbsAng significantly linearly correlates with expression of
AtPAP27 (P # 0.01, Figure 4E). Together, these data phenocopy
our observations in the tomato introgression lines and their par-
ents where two copies of the S. pennellii allele likely confers higher
expression of PAP27 and increased average absolute angle. Root

Figure 3 Differentially expressed genes associated with cis- and trans-eQTL in the root tips of ILs. (A) Number of differentially expressed genes (y-
axis) between each IL (x-axis) and M82 at pFDR # 0.01 (negative binomial distribution tests with edgeR). Blue = cis-eQTL; Gray = trans-eQTL. (B)
Tomato eFP browser with chromosome positions of introgressions in ILs. Expression of Solyc07g008570 (SlPAP27) is indicated in each IL. Asterisks
indicate significant differences from M82 (pFDR # 0.01).
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length does not vary linearly with respect to AtPAP27 expression
in these lines and thus cannot explain these differences in root
angle (Figure S7). Thus, the SIPAP27 homolog, AtPAP27, is suf-
ficient to regulate avgAbsAng in Arabidopsis and is associated
with variation in the same trait in tomato.

Variation in Root Growth Angle within Arabidopsis
thaliana and Solanum species
Significant ILs and eQTL mapping linked overexpression of the S. pen-
nellii allele of PAP27 to increased root angle. Using these tomato data, we
hypothesized and obtained further support that increased expression of

Figure 4 Solyc07g008570 is localized to a genetic interval associated with regulating root angle and its expression correlates with root growth angle
in ILs with introgressions on chromosome 7. (A) Bin d-7B-3 contains 19 genes. Chromosome 7 position (Mbp) is indicated on the x-axis, and each S.
pennelli introgression within the IL or sub-IL is colored green for a significantly increased avgAbsAng relative to M82 or red if it is not different from
M82. Light red lines indicate approximate boundaries of each bin. (B) Expression of Solyc07g008570 is positively correlated with avgAbsAng using
the ILs defining bin d-7B and as determined using RNA-seq (Pearson correlation), error bars are standard error of the mean, nEXPR: M82:4, S.
pennellii:3; IL7-4:4; IL7-4-1:4, 7-5;3; nANGLE: M82:64, S. pennellii:78; IL7-4:34; IL7-4-1:38; IL7-5:29. (C) Quantitative real-time PCR confirmation of the
increased expression of Solyc07g008570 in ILs with increased avgAbsAng, n = 3 for each genotype, error bars represent standard deviation. (D) An
increase of AtPAP27 expression is positively correlated with an increased root angle using multiple independent insertion lines (R2 = 0.66, P # 0.05,
ANOVA). Error bars represent standard error of the mean, n(Col-0)=275, n(35S:AtPAP27

P
A:D)=277. (E) The average absolute angle of four

independent insertion lines overexpressing AtPAP27 is increased relative to Col-0 (��P # 0.01, ANOVA). Error bars represent standard error of
the mean, nAngle: Col-0:275, 35S:AtPAP27/lineA:11, lineB:20, lineD:83, lineF:100; nExpr: Col-0:19, 35S:AtPAP27/lineA:11, lineB:20, lineD:22, lineF:7.
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its homolog AtPAP27 in Arabidopsis is sufficient to regulate root growth
angle (Figure 4D,E).We thus hypothesized that there is genetic similarity
in natural variation of root growth angle between tomato and Arabidop-
sis. To test this potential, we analyzed a comparative dataset in Arabi-
dopsis to identify genes that regulate root angle. Large-scale root
phenotyping was carried out using the BRAT algorithm (Slovak et al.
2014) and two traits relating to gravitropism, “Root Angle” (net angle of
the root vector) and “Direction Index” (average pixel-by-pixel deviations
from growth relative to the vector of gravity) were measured in 257 A.
thaliana accessions four days after germination. These 257 accessions
showed continuous variation in “Root Angle” and “Direction Index”,
thereby allowing quantitative genetic analysis (Table S4, S5). The BRAT
algorithm is designed to provide measurements at the throughput found
with GWAS. To ensure that “Root Angle” and “Direction Index” provide
similar mathematical approximations to avgAbsAng, we measured
avgAbsAng in the 5 accessions with the largest and least “Direction In-
dex” values as well as the largest and least “Root Angle” values. These
accessions have increased and decreased avgAbsAng respectively (Figure
S8). Thus, these three measurements are capturing similar, but slightly
different aspects of root angle.

A Genome-Wide Association Study (GWAS) was performed to
associate single nucleotide polymorphisms (SNPs) with natural pheno-
typic variation in “Direction Index” and “Root Angle” (Table S4, S5 and
Dataset S4). As the GWAS screen was not particularly highly powered
with 257 accessions, we chose a stringent but not highly conservative
FDR threshold of 0.1. A. thaliana genes within 4000 bp (upstream or
downstream) of significant (pFDR # 0.1) SNPs (Figure 5A) were inter-
sected with the set of putative S. lycopersicum orthologs found within
introgression intervals of ILs that were significant (pFDR # 0.05) in
avgAbsAng. Using these guidelines, a single gene was associated with
“Direction Index” in Arabidopsis,CELLDIVISIONCYCLE 73 (CDC73,
AT3G22590) and with avgAbsAng in tomato (Solyc06g054080 (S. lyco-
persicum) and Sopen06g019240 (S. pennellii)). This gene was found in
bin d-6B, defined by the introgressions contained within ILs 6-1, 6-2
and 6-2-2, all which were significantly different than M82 for avgAb-
sAng (Figure 2). The significant SNP (A. thaliana chromosome 3;
position 8008000) for CDC73 was located 2421 bp downstream of its
gene model (Figure S9) and in the upstream region of the LTPG5 gene.
An additional SNP upstream of CDC73, that was not included on the
original 250K SNP chip used in the GWAS, is common within the
haplotype associatedwith the highest direction index (Figure S9). Using
our prior logic that data in tomato may inform our understanding of
genes that regulate root angle in Arabidopsis, we carried out experi-
ments to test this the influence of AtCDC73 on root angle.

Given that avgAbsAng captures the extreme variation observed for
“Direction Index” (Figure S8), we measured avgAbsAng in two different
TDNA insertion mutant alleles, cdc73-1 (php-1, SALK 150644) and
cdc73-2 (php-2, SALK_008357 (Yu and Michaels 2010) as well as in
17 othermutants randomly chosen as a negative control (Table S7, Figure
5B) (Alonso et al. 2003; Rosso et al. 2003; Sessions et al. 2002). Of all these
lines, only the mutations in CDC73 result in an increased avgAbsAng
relative to Col-0 (Table S7). The cdc73-1 allele of CDC73 is also present in
the FRIGIDA background and a similar root angle phenotype was iden-
tified relative to the FRI control (Figure 5B). While root length was
altered in these mutant alleles, these changes were not correlated with
the changes in root angle as – cdc73-1 had a longer root relative to wild
type and cdc73-2 had a shorter root relative to wild type (Figure S10).
Thus, changes in root growth are not sufficient to explain these differ-
ences in root angle. In summary, these data demonstrate that CDC73
is involved in regulation of root angle in Arabidopsis. Allelic com-
plementation experiments would be needed to resolve which of the

polymorphisms identified within the haplotype block are causal for
the large avgAbsAng/dirIndex in the accessions.

DISCUSSION

Merging quantitative genetic data to identify genes
associated With root growth angle
Characterization of root angle in the tomato introgression line pop-
ulation coupled with eQTL analysis in all 76 of these lines allowed the
identification of genes associatedwith a trait of interest.Ourfinding that
the S. pennellii allele of PAP27 is the only gene out of 19 in a significant
genetic interval whose elevated expression correlates with increased
root growth angle, as well as evidence that AtPAP27 overexpression
is sufficient to increase root angle in A. thaliana, are the backbone of
our hypothesis that polymorphic alleles of this gene regulate avgAb-
sAng in all three species. Further evidence is needed to determine if
overexpression of the S. pennellii allele is sufficient to regulate root
growth angle in S. lycopersicum. The expression resource of these
76 lines will enable identification of genes for which their altered root
expression is associated with a trait of interest. Coupled with a similar
resource profiling expression in leaves within this population, genes
influencing development pleiotropically across the segregating popula-
tion can also be identified and should be of use to breeders (Chitwood
et al. 2013).

To the best of our knowledge, this is the first time that quantitative
genetic assays frommultiple species (tomato and Arabidopsis) have been
combined de novo to identify genes regulating root growth angle. Iden-
tification of a CDC73 homolog as regulating root growth angle in Arab-
idopsis, started with identification of significant ILs in tomato which was
subsequently intersected with a GWAS analysis in Arabidopsis.
AtCDC73 was never previously identified to regulate root growth angle
in Arabidopsis via developmental genetic screens, suggesting that diverse
quantitative genetic datasets across species may be generally effective at
identifying genes that naturally vary and thus represent an additional
source of novel loci/genes underlying conserved developmental process-
es. In the GWAS, a single SNP associated with AtPAP27 was also iden-
tified on Chromosome 5 at position 20525997 at an uncorrected p-value
of 0.018 (Dataset S4) which did not pass our FDR threshold. The iden-
tification of genes regulating root angle in one species based on studies
from another species from which its family diverged approximately
112 million years ago (Ku et al. 2000), is quite striking.

Distinct Genetic Regulation of Long-Term and Short-
Term Response to Gravity
Many more loci were identified that contribute to regulation of root
growth angle (24 QTL/significant ILs or 49 “bins”) and the gravitropic
response (6 ILs). These additional loci contribute to the differences in
root angle and gravitropism observed between tomato and S. pennellii.
Although the effect size of the observed change on average absolute
angle inArabidopsis thaliana is small within the overexpression lines, it
is consistent with the multi-genic control of this trait. Since a greater
number of distinct ILs regulating root angle and gravitropism were
identified relative to common loci, the genetic architecture of root angle
and gravitropism are largely different.

Acid Phosphatases and their Potential Ecological
Importance in Regulating Root Growth
Acid phosphatases, including purple acid phosphatases, are generally
up-regulated during the phosphate stress response (PSR) ( _Zebrowska
et al. 2011; Bozzo et al. 2006) to produce, transport, or recycle Pi (Duff
et al. 1994). These enzymes are also secreted to scavenge external
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phosphate from the rhizosphere (Bozzo et al. 2002; Abel 2011;
Robinson 2012) or localized within cells to serve as Pi transporters
(Zimmermann et al. 2004; Liu et al. 1998). Phosphate is concen-
trated in upper soil layers, and is often a limited resource, so plants
that are seeking phosphorus will develop a root system to locate it
via topsoil foraging (Lynch and Brown 2001). S. pennellii is endemic
to sandy coastal regions and dry rocky regions of Peru and Chile
(Moyle 2008; Peralta and Spooner 2005). One hypothesis is that in
this region, phosphorus is in low abundance and concentrated near
the surface, and S. pennellii has adapted by developing a shallow
root system architecture to obtain phosphate and capture adequate
water during brief (and rare) precipitation events.

Chromatin Availability, Transcription and Root
Growth Angle
CDC73 (alsoknowasPHP,PLANTHOMOLOGOUSTOPARAFIBROMIN)
(A. thaliana AT3G22590, S. lycopersicum Solyc06g054080, S. pennellii
Sopen06g019240) is a promising new candidate for regulation of root
growth angle. CDC73 is a subunit of the Paf1c complex and is a tran-
scriptional co-factor of RNA Polymerase II (Amrich et al. 2012). In
animals, CDC73 coordinates various steps of the transcriptional process
from initiation to termination by interacting with and recruiting various
proteins to the proper locus at each step (Zhang et al. 2009; Nordick et al.
2008; Shi et al. 1997). In Arabidopsis, CDC73 coordinates the transcrip-
tional regulation and histone post-translational modification of flowering
time genes (Park et al. 2010). While CDC73 is expressed in Arabidopsis
roots, its function there has never been described. Rapid transcriptional
changes accompany the response of Arabidopsis roots to a gravity stim-
ulus and we propose that CDC73 may influence chromatin availability
dynamics and/or transcriptional regulation of critical genes during the
response to a gravity stimulus (Kimbrough et al. 2005; Kimbrough et al.

2004). While all SNPs are synonymous within the CDC73 coding region
between S. lycopersicum and S. pennellii, extensive changes exist in both the
59 and 39UTR and in the intron-exon structure, suggesting altered tran-
scriptional or translational regulation may influence root growth angle.

AUTHOR CONTRIBUTIONS AND ACKNOWLEDGMENTS
TWT, MR, NJP, WB, EPS, DJK and SMB designed the research.
TWT, MR, DG, KK, BS, RS, AG, MdL and SMB performed research.
RP and NJP contributed new analytic tools. TWT, DG, LSJ, NDM, RS
and DJK analyzed the data. TWT, DG, WB, EPS, DJK and SMB wrote
the paper. This work was supported by National Science Foundation
grant #NSF IOS:18085 to DJK and SMB, and EMBO and HFSP
postdoctoral fellowships to MdL, and an HHMI Faculty Scholar
fellowship to SMB. This work used the Vincent J. Coates Genomics
Sequencing Laboratory at UC Berkeley, supported by NIH S10
Instrumentation Grants S10RR029668 and S10RR027303. This work
used MATERIAL developed by and/or obtained from the UC Davis/
C.M. Rick Tomato Genetics Resource Center and maintained by the
Department of Plant Sciences, University of California, Davis, CA
95616. KK was supported by a Finnish Cultural Foundation post-
doctoral fellowship. We are grateful for Quynh Dinh, Helen Masson,
Diem Chau, and Kahiga Mwaura Nganga for technical assistance. We
would like to thank Jason Corwin for advice on statistical genetic
analyses.

LITERATURE CITED
Abel, S., 2011 Phosphate sensing in root development. Curr. Opin. Plant

Biol. 14: 303–309. https://doi.org/10.1016/j.pbi.2011.04.007
Alonso, J. M., A. N. Stepanova, T. J. Leisse, C. J. Kim, H. Chen et al.,

2003 Genome-Wide Insertional Mutagenesis of Arabidopsis thaliana.
Science 301: 653–657.

Figure 5 AtCDC73 regulates root angle in Arabidopsis. (A) GWAS Manhattan Plot for SNPs associated with median direction index. Black box
indicates associated genomic region of CDC73. (B) Loss of CDC73 function in two alleles (cdc73-1, cdc73-2) leads to an increased root growth
angle relative to Col-0 or the FRI control. �P # 0.05 ��P # 0.01 ���P # 0.001 as determined using an ANOVA. n(Col-0)=144, n(cdc73-1)=85,
n(cdc73-2)=26, n(FRI)=22, n(FRI/cdc73-1)=32.

3852 | T. W. Toal et al.

https://doi.org/10.1016/j.pbi.2011.04.007


Amrich, C. G., C. P. Davis, W. P. Rogal, M. K. Shirra, A. Heroux et al.,
2012 Cdc73 subunit of Paf1 complex contains C-terminal Ras-like do-
main that promotes association of Paf1 complex with chromatin. J. Biol.
Chem. 287: 10863–10875. https://doi.org/10.1074/jbc.M111.325647

Andrews, S., 2011 FASTQC, pp. A quality control tool for high throughput
sequence data, Babraham Institute.

Baldwin, K. L., A. K. Strohm, and P. H. Masson, 2013 Gravity sensing and
signal transduction in vascular plant primary roots. Am. J. Bot. 100: 126–
142. https://doi.org/10.3732/ajb.1200318

Band, L. R., D. M. Wells, A. Larrieu, J. Sun, A. M. Middleton et al.,
2012 Root gravitropism is regulated by a transient lateral auxin gradient
controlled by a tipping-point mechanism. Proc. Natl. Acad. Sci. USA 109:
4668–4673. https://doi.org/10.1073/pnas.1201498109

Bates, D. M. M., B. Bolker, and S. Walker, 2015 Fitting Linear Mixed-
Effects Models Using lme4. J. Stat. Softw. 67: 1–48. https://doi.org/
10.18637/jss.v067.i01

Benjamini, Y., and Y. Hochberg, 1995 Controlling the False Discovery Rate:
a Practical and Powerful Approach to MultipleTesting. J. R. Stat. Soc.
Series B Stat. Methodol. 57: 289–300.

Benjamini, Y., and D. Yekutieli, 2001 The control of the false dis-
covery rate in multiple testing under dependency. Ann. Stat. 29:
1165–1188.

Bolger, A., F. Scossa, M. E. Bolger, C. Lanz, F. Maumus et al., 2014 The
genome of the stress-tolerant wild tomato species Solanum pennellii. Nat.
Genet. 46: 1034–1038. https://doi.org/10.1038/ng.3046

Bombarely, A., N. Menda, I. Y. Tecle, R. M. Buels, S. Strickler et al.,
2011 The Sol Genomics Network (solgenomics.net): growing tomatoes
using Perl. Nucleic Acids Res. 39: D1149–D1155. https://doi.org/10.1093/
nar/gkq866

Bonser, A. M., J. Lynch, and S. Snapp, 1996 Effect of phosphorus deficiency
on growth angle of basal roots in Phaseolus vulgaris. New Phytol. 132:
281–288. https://doi.org/10.1111/j.1469-8137.1996.tb01847.x

Bozzo, G. G., E. L. Dunn, and W. C. Plaxton, 2006 Differential synthesis of
phosphate-starvation inducible purple acid phosphatase isozymes in to-
mato (Lycopersicon esculentum) suspension cells and seedlings. Plant
Cell Environ. 29: 303–313. https://doi.org/10.1111/j.1365-
3040.2005.01422.x

Bozzo, G. G., K. G. Raghothama, and W. C. Plaxton, 2002 Purification and
characterization of two secreted purple acid phosphatase isozymes from
phosphate-starved tomato (Lycopersicon esculentum) cell cultures. Eur.
J. Biochem. 269: 6278–6286. https://doi.org/10.1046/j.1432-
1033.2002.03347.x

Brooks, T. L., N. D. Miller, and E. P. Spalding, 2010 Plasticity of Arabi-
dopsis root gravitropism throughout a multidimensional condition space
quantified by automated image analysis. Plant Physiol. 152: 206–216.
https://doi.org/10.1104/pp.109.145292

Camacho, C., G. Coulouris, V. Avagyan, N. Ma, J. Papadopoulos et al.,
2009 BLAST+: architecture and applications. BMC Bioinformatics 10:
421. https://doi.org/10.1186/1471-2105-10-421

Chen, R., P. Hilson, J. Sedbrook, E. Rosen, T. Caspar et al., 1998 The
arabidopsis thaliana AGRAVITROPIC 1 gene encodes a component of
the polar-auxin-transport efflux carrier. Proc. Natl. Acad. Sci. USA 95:
15112–15117. https://doi.org/10.1073/pnas.95.25.15112

Chitwood, D. H., R. Kumar, L. R. Headland, A. Ranjan, M. F. Covington
et al., 2013 A quantitative genetic basis for leaf morphology in a set of
precisely defined tomato introgression lines. Plant Cell 25: 2465–2481.
https://doi.org/10.1105/tpc.113.112391

de Dorlodot, S., B. Forster, L. Pages, A. Price, R. Tuberosa et al., 2007 Root
system architecture: opportunities and constraints for genetic improve-
ment of crops. Trends Plant Sci. 12: 474–481. https://doi.org/10.1016/j.
tplants.2007.08.012

Duff, S. M. G., G. Sarath, and W. C. Plaxton, 1994 The Role of Acid-
Phosphatases in Plant Phosphorus-Metabolism. Physiol. Plant. 90: 791–
800. https://doi.org/10.1111/j.1399-3054.1994.tb02539.x

EBI, 2015 Ensembl Genomes: Arabidopsis thaliana - Gene tree - Gene:
PAP27 (AT5G50400), pp. Pre-computed phylogenetic tree for
AT5G50400 protein sequence homologs in plants.

Edgar, R. C., 2004 MUSCLE: multiple sequence alignment with high ac-
curacy and high throughput. Nucleic Acids Res. 32: 1792–1797. https://
doi.org/10.1093/nar/gkh340

Eshed, Y., and D. Zamir, 1995 An Introgression Line Population of Lyco-
persicon pennellii in the Cultivated Tomato Enables the Identification
and Fine Mapping of Yield-Associated QTL. Genetics 141: 1147–1162.

Fernandez-Pozo, N., N. Menda, J. D. Edwards, S. Saha, I. Y. Tecle et al.,
2015 The Sol Genomics Network (SGN)–from genotype to phenotype
to breeding. Nucleic Acids Res. 43: D1036–D1041. https://doi.org/
10.1093/nar/gku1195

Friml, J., J. Wisniewska, E. Benkova, K. Mendgen, and K. Palme,
2002 Lateral relocation of auxin efflux regulator PIN3 mediates tro-
pism in Arabidopsis. Nature 415: 806–809. https://doi.org/10.1038/
415806a

Fukaki, H., S. Tameda, H. Masuda, and M. Tasaka, 2002 Lateral root for-
mation is blocked by a gain-of-function mutation in the SOLITARY-
ROOT/IAA14 gene of Arabidopsis. Plant J. 29: 153–168. https://doi.org/
10.1046/j.0960-7412.2001.01201.x

Gutjahr, C., M. Riemann, A. Muller, P. Duchting, E. W. Weiler et al.,
2005 Cholodny-Went revisited: a role for jasmonate in gravitropism of
rice coleoptiles. Planta 222: 575–585. https://doi.org/10.1007/s00425-005-
0001-6

Horton, M. W., A. M. Hancock, Y. S. Huang, C. Toomajian, S. Atwell et al.,
2012 Genome-wide patterns of genetic variation in worldwide Arabi-
dopsis thaliana accessions from the RegMap panel. Nat. Genet. 44: 212–
216. https://doi.org/10.1038/ng.1042

Kang, H. M., J. H. Sul, S. K. Service, N. A. Zaitlen, S. Y. Kong et al.,
2010 Variance component model to account for sample structure in
genome-wide association studies. Nat. Genet. 42: 348–354. https://doi.
org/10.1038/ng.548

Kang, H. M., N. A. Zaitlen, C. M. Wade, A. Kirby, D. Heckerman et al.,
2008 Efficient control of population structure in model organism as-
sociation mapping. Genetics 178: 1709–1723. https://doi.org/10.1534/
genetics.107.080101

Kersey, P. J., J. E. Allen, M. Christensen, P. Davis, L. J. Falin et al.,
2014 Ensembl Genomes 2013: scaling up access to genome-wide data.
Nucleic Acids Res. 42: D546–D552. https://doi.org/10.1093/nar/gkt979

Kerwin, R., J. Feusier, J. Corwin, M. Rubin, C. Lin et al., 2015 Natural
genetic variation in Arabidopsis thaliana defense metabolism genes
modulates field fitness. eLife 4.

Kim, T. W., S. M. Lee, S. H. Joo, H. S. Yun, Y. Lee et al., 2007 Elongation
and gravitropic responses of Arabidopsis roots are regulated by brassi-
nolide and IAA. Plant Cell Environ. 30: 679–689. https://doi.org/10.1111/
j.1365-3040.2007.01659.x

Kimbrough, J. M., C. S. Brown, and H. W. Sederoff, 2005 Co-expression
and hormonal regulation of genes in response to gravity and mechanical
stimulation in the Arabidopsis root apex. Gravit. Space Biol. Bull. 18:
117–118.

Kimbrough, J. M., R. Salinas-Mondragon, W. F. Boss, C. S. Brown, and H. W.
Sederoff, 2004 The fast and transient transcriptional network of gravity
and mechanical stimulation in the Arabidopsis root apex. Plant Physiol.
136: 2790–2805. https://doi.org/10.1104/pp.104.044594

Kliebenstein, D., 2009 Quantitative genomics: analyzing intraspecific vari-
ation using global gene expression polymorphisms or eQTLs. Annu. Rev.
Plant Biol. 60: 93–114. https://doi.org/10.1146/annurev.
arplant.043008.092114

Koenig, D., J. M. Jimenez-Gomez, S. Kimura, D. Fulop, D. H. Chitwood et al.,
2013 Comparative transcriptomics reveals patterns of selection in do-
mesticated and wild tomato. Proc. Natl. Acad. Sci. USA 110: E2655–
E2662. https://doi.org/10.1073/pnas.1309606110

Koltai, H., 2015 Cellular events of strigolactone signalling and their cross-
talk with auxin in roots. J. Exp. Bot. 66: 4855–4861. https://doi.org/
10.1093/jxb/erv178

Ku, H. M., T. Vision, J. Liu, and S. D. Tanksley, 2000 Comparing sequenced
segments of the tomato and Arabidopsis genomes: large-scale duplication
followed by selective gene loss creates a network of synteny. Proc. Natl.
Acad. Sci. USA 97: 9121–9126. https://doi.org/10.1073/pnas.160271297

Volume 8 December 2018 | Regulation of Root Angle and Gravitropism | 3853

https://doi.org/10.1074/jbc.M111.325647
https://doi.org/10.3732/ajb.1200318
https://doi.org/10.1073/pnas.1201498109
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1038/ng.3046
https://doi.org/10.1093/nar/gkq866
https://doi.org/10.1093/nar/gkq866
https://doi.org/10.1111/j.1469-8137.1996.tb01847.x
https://doi.org/10.1111/j.1365-3040.2005.01422.x
https://doi.org/10.1111/j.1365-3040.2005.01422.x
https://doi.org/10.1046/j.1432-1033.2002.03347.x
https://doi.org/10.1046/j.1432-1033.2002.03347.x
https://doi.org/10.1104/pp.109.145292
https://doi.org/10.1186/1471-2105-10-421
https://doi.org/10.1073/pnas.95.25.15112
https://doi.org/10.1105/tpc.113.112391
https://doi.org/10.1016/j.tplants.2007.08.012
https://doi.org/10.1016/j.tplants.2007.08.012
https://doi.org/10.1111/j.1399-3054.1994.tb02539.x
https://doi.org/10.1093/nar/gkh340
https://doi.org/10.1093/nar/gkh340
https://doi.org/10.1093/nar/gku1195
https://doi.org/10.1093/nar/gku1195
https://doi.org/10.1038/415806a
https://doi.org/10.1038/415806a
https://doi.org/10.1046/j.0960-7412.2001.01201.x
https://doi.org/10.1046/j.0960-7412.2001.01201.x
https://doi.org/10.1007/s00425-005-0001-6
https://doi.org/10.1007/s00425-005-0001-6
https://doi.org/10.1038/ng.1042
https://doi.org/10.1038/ng.548
https://doi.org/10.1038/ng.548
https://doi.org/10.1534/genetics.107.080101
https://doi.org/10.1534/genetics.107.080101
https://doi.org/10.1093/nar/gkt979
https://doi.org/10.1111/j.1365-3040.2007.01659.x
https://doi.org/10.1111/j.1365-3040.2007.01659.x
https://doi.org/10.1104/pp.104.044594
https://doi.org/10.1146/annurev.arplant.043008.092114
https://doi.org/10.1146/annurev.arplant.043008.092114
https://doi.org/10.1073/pnas.1309606110
https://doi.org/10.1093/jxb/erv178
https://doi.org/10.1093/jxb/erv178
https://doi.org/10.1073/pnas.160271297


Kumar, R., Y. Ichihashi, S. Kimura, D. H. Chitwood, L. R. Headland et al.,
2012 A High-Throughput Method for Illumina RNA-Seq Library
Preparation. Front. Plant Sci. 3: 202. https://doi.org/10.3389/
fpls.2012.00202

Kushwah, S., A. M. Jones, and A. Laxmi, 2011 Cytokinin interplay with
ethylene, auxin, and glucose signaling controls Arabidopsis seedling root
directional growth. Plant Physiol. 156: 1851–1866. https://doi.org/
10.1104/pp.111.175794

Lamesch, P., T. Z. Berardini, D. Li, D. Swarbreck, C. Wilks et al., 2012 The
Arabidopsis Information Resource (TAIR): improved gene annotation
and new tools. Nucleic Acids Res. 40: D1202–D1210. https://doi.org/
10.1093/nar/gkr1090

Li, H., and R. Durbin, 2009 Fast and accurate short read alignment with
Burrows-Wheeler transform. Bioinformatics 25: 1754–1760. https://doi.
org/10.1093/bioinformatics/btp324

Li, H., B. Handsaker, A. Wysoker, T. Fennell, J. Ruan et al., 2009 The
Sequence Alignment/Map format and SAMtools. Bioinformatics 25:
2078–2079. https://doi.org/10.1093/bioinformatics/btp352

Li, L., C. J. Stoeckert, Jr., and D. S. Roos, 2003 OrthoMCL: identification of
ortholog groups for eukaryotic genomes. Genome Res. 13: 2178–2189.
https://doi.org/10.1101/gr.1224503

Liu, C., U. S. Muchhal, M. Uthappa, A. K. Kononowicz, and K. G. Ragho-
thama, 1998 Tomato phosphate transporter genes are differentially
regulated in plant tissues by phosphorus. Plant Physiol. 116: 91–99.
https://doi.org/10.1104/pp.116.1.91

Livak, K. J., and T. D. Schmittgen, 2001 Analysis of relative gene expression
data using real-time quantitative PCR and the 2(-Delta Delta C(T))
Method. Methods 25: 402–408. https://doi.org/10.1006/meth.2001.1262

Luschnig, C., R. A. Gaxiola, P. Grisafi, and G. R. Fink, 1998 EIR1, a root-
specific protein involved in auxin transport, is required for gravitropism
in Arabidopsis thaliana. Genes Dev. 12: 2175–2187. https://doi.org/
10.1101/gad.12.14.2175

Lynch, J., 1995 Root Architecture and Plant Productivity. Plant Physiol.
109: 7–13. https://doi.org/10.1104/pp.109.1.7

Lynch, J. P., and K. M. Brown, 2001 Topsoil foraging - an architectural
adaptation of plants to low phosphorus availability. Plant Soil 237: 225–
237. https://doi.org/10.1023/A:1013324727040

Marchant, A., J. Kargul, S. T. May, P. Muller, A. Delbarre et al., 1999 AUX1
regulates root gravitropism in Arabidopsis by facilitating auxin uptake
within root apical tissues. EMBO J. 18: 2066–2073. https://doi.org/
10.1093/emboj/18.8.2066

Massa, G. D., and S. Gilroy, 2003 Touch and gravitropic set-point angle
interact to modulate gravitropic growth in roots. Adv. Space Res. 31:
2195–2202. https://doi.org/10.1016/S0273-1177(03)00244-8

Migliaccio, F., and S. Piconese, 2001 Spiralizations and tropisms in Arab-
idopsis roots. Trends Plant Sci. 6: 561–565. https://doi.org/10.1016/
S1360-1385(01)02152-5

Migliaccio, F., P. Tassone, and A. Fortunati, 2013 Circumnutation as an
autonomous root movement in plants. Am. J. Bot. 100: 4–13. https://doi.
org/10.3732/ajb.1200314

Miller, N. D., B. M. Parks, and E. P. Spalding, 2007 Computer-vision
analysis of seedling responses to light and gravity. Plant J. 52: 374–381.
https://doi.org/10.1111/j.1365-313X.2007.03237.x

Moore, C. R., L. S. Johnson, I. Y. Kwak, M. Livny, K. W. Broman et al.,
2013 High-throughput computer vision introduces the time axis to a
quantitative trait map of a plant growth response. Genetics 195: 1077–
1086. https://doi.org/10.1534/genetics.113.153346

Morita, M. T., 2010 Directional gravity sensing in gravitropism. Annu. Rev.
Plant Biol. 61: 705–720. https://doi.org/10.1146/annurev.
arplant.043008.092042

Moyle, L. C., 2008 Ecological and evolutionary genomics in the wild to-
matoes (Solanum sect. Lycopersicon). Evolution 62: 2995–3013. https://
doi.org/10.1111/j.1558-5646.2008.00487.x

Mullen, J. L., E. Turk, K. Johnson, C. Wolverton, H. Ishikawa et al.,
1998 Root-growth behavior of the Arabidopsis mutant rgr1. Roles of
gravitropism and circumnutation in the waving/coiling phenomenon.
Plant Physiol. 118: 1139–1145. https://doi.org/10.1104/pp.118.4.1139

Müller, A., C. Guan, L. Galweiler, P. Tanzler, P. Huijser et al., 1998 AtPIN2
defines a locus of Arabidopsis for root gravitropism control. EMBO J. 17:
6903–6911. https://doi.org/10.1093/emboj/17.23.6903

Nakamoto, T., 1995 Gravitropic reaction of primary seminal roots of Zea
Mays L. influenced by temperature and soil water potential. J. Plant Res.
108: 71–75. https://doi.org/10.1007/BF02344308

Nesbitt, T. C., and S. D. Tanksley, 2002 Comparative Sequencing in the
Genus Lycopersicon: Implications for the Evolution of Fruit Size in the
Domestication of Cultivated Tomatoes. Genetics 162: 365–379.

Niu, Y., G. Jin, X. Li, C. Tang, Y. Zhang et al., 2015 Phosphorus and
magnesium interactively modulate the elongation and directional growth
of primary roots in Arabidopsis thaliana (L.) Heynh. J. Exp. Bot. 66:
3841–3854. https://doi.org/10.1093/jxb/erv181

Nordick, K., M. G. Hoffman, J. L. Betz, and J. A. Jaehning, 2008 Direct
interactions between the Paf1 complex and a cleavage and polyadenyla-
tion factor are revealed by dissociation of Paf1 from RNA polymerase II.
Eukaryot. Cell 7: 1158–1167. https://doi.org/10.1128/EC.00434-07

Okada, K., and Y. Shimura, 1990 Reversible Root-Tip Rotation in Arabi-
dopsis Seedlings Induced by Obstacle-Touching Stimulus. Science 250:
274–276. https://doi.org/10.1126/science.250.4978.274

Park, S., S. Oh, J. Ek-Ramos, and S. van Nocker, 2010 PLANT HOMOL-
OGOUS TO PARAFIBROMIN is a component of the PAF1 complex and
assists in regulating expression of genes within H3K27ME3-enriched
chromatin. Plant Physiol. 153: 821–831. https://doi.org/10.1104/
pp.110.155838

Patel, R., 2013 Expressolog Web Service, pp. Returns expressolog data con-
sisting of orthoMCL clustered genes in selected species with similarity scores
and expression correlations, University of Toronto. http://bar.utoronto.ca/
expressolog_treeviewer/cgi-bin/expressolog_treeviewer.cgi

Patel, R., 2015 Tomato eFP Browser Root Tip ILs Brady Lab, pp. Shows
tomato gene expression in root tissue from Brady Lab, University
of Toronto. http://bar.utoronto.ca/efp_tomato/cgi-bin/efpWeb.cgi?
dataSource=ILs_Root_Tip_Brady_Lab

Patel, R. V., H. K. Nahal, R. Breit, and N. J. Provart, 2012 BAR expressolog
identification: expression profile similarity ranking of homologous genes
in plant species. Plant J. 71: 1038–1050. https://doi.org/10.1111/j.1365-
313X.2012.05055.x

Peralta, I. E., S. Knapp, and D. M. Spooner, 2005 New Species of Wild
Tomatoes (Solanum Section Lycopersicon: Solanaceae) from Northern
Peru. Syst. Bot. 30: 424–434. https://doi.org/10.1600/0363644054223657

Peralta, I.E., and D.M. Spooner, 2005 Morphological characterization and
relationships of wild tomatoes (Solanum l. Sect. Lycopersicon).227–257.

R Core Team, 2014 R: A language and environment for statistical comput-
ing, R Foundation for Statistical Computing, Vienna, Austria.

Ranjan, A., J. M. Budke, S. D. Rowland, D. H. Chitwood, R. Kumar et al.,
2016 eQTL Regulating Transcript Levels Associated with Diverse Bi-
ological Processes in Tomato. Plant Physiol. 172: 328–340. https://doi.
org/10.1104/pp.16.00289

Rasband, W.S., 1997–2014 ImageJ, pp. Image editing software. U. S. National
Institutes of Health, Bethesda, Maryland.

Ritchie, G. A., J. W. Keeley, and P. A. Ward, 1997 Effects of shade and root
confinement on the expression of plagiotropic growth in juvenile-origin
Douglas-fir rooted cuttings. Can. J. Res. 27: 1142–1145. https://doi.org/
10.1139/x97-064

Robinson, M. D., D. J. McCarthy, and G. K. Smyth, 2010 edgeR: a Bio-
conductor package for differential expression analysis of digital gene
expression data. Bioinformatics 26: 139–140. https://doi.org/10.1093/bi-
oinformatics/btp616

Robinson, M. D., and A. Oshlack, 2010 A scaling normalization method for
differential expression analysis of RNA-seq data. Genome Biol. 11: R25.
https://doi.org/10.1186/gb-2010-11-3-r25

Robinson, M. D., and G. K. Smyth, 2007 Moderated statistical tests for
assessing differences in tag abundance. Bioinformatics 23: 2881–2887.
https://doi.org/10.1093/bioinformatics/btm453

Robinson, W. D., 2012 Feeding hungry plants: the secreted purple acid
phosphatase isozymes atpap12 and atpap26 play a pivotal role in
extracellular phosphate scavenging in arabidopsis thaliana, pp. 67

3854 | T. W. Toal et al.

https://doi.org/10.3389/fpls.2012.00202
https://doi.org/10.3389/fpls.2012.00202
https://doi.org/10.1104/pp.111.175794
https://doi.org/10.1104/pp.111.175794
https://doi.org/10.1093/nar/gkr1090
https://doi.org/10.1093/nar/gkr1090
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1101/gr.1224503
https://doi.org/10.1104/pp.116.1.91
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1101/gad.12.14.2175
https://doi.org/10.1101/gad.12.14.2175
https://doi.org/10.1104/pp.109.1.7
https://doi.org/10.1023/A:1013324727040
https://doi.org/10.1093/emboj/18.8.2066
https://doi.org/10.1093/emboj/18.8.2066
https://doi.org/10.1016/S0273-1177(03)00244-8
https://doi.org/10.1016/S1360-1385(01)02152-5
https://doi.org/10.1016/S1360-1385(01)02152-5
https://doi.org/10.3732/ajb.1200314
https://doi.org/10.3732/ajb.1200314
https://doi.org/10.1111/j.1365-313X.2007.03237.x
https://doi.org/10.1534/genetics.113.153346
https://doi.org/10.1146/annurev.arplant.043008.092042
https://doi.org/10.1146/annurev.arplant.043008.092042
https://doi.org/10.1111/j.1558-5646.2008.00487.x
https://doi.org/10.1111/j.1558-5646.2008.00487.x
https://doi.org/10.1104/pp.118.4.1139
https://doi.org/10.1093/emboj/17.23.6903
https://doi.org/10.1007/BF02344308
https://doi.org/10.1093/jxb/erv181
https://doi.org/10.1128/EC.00434-07
https://doi.org/10.1126/science.250.4978.274
https://doi.org/10.1104/pp.110.155838
https://doi.org/10.1104/pp.110.155838
http://bar.utoronto.ca/expressolog_treeviewer/cgi-bin/expressolog_treeviewer.cgi
http://bar.utoronto.ca/expressolog_treeviewer/cgi-bin/expressolog_treeviewer.cgi
http://bar.utoronto.ca/efp_tomato/cgi-bin/efpWeb.cgi?dataSource=ILs_Root_Tip_Brady_Lab
http://bar.utoronto.ca/efp_tomato/cgi-bin/efpWeb.cgi?dataSource=ILs_Root_Tip_Brady_Lab
https://doi.org/10.1111/j.1365-313X.2012.05055.x
https://doi.org/10.1111/j.1365-313X.2012.05055.x
https://doi.org/10.1600/0363644054223657
https://doi.org/10.1104/pp.16.00289
https://doi.org/10.1104/pp.16.00289
https://doi.org/10.1139/x97-064
https://doi.org/10.1139/x97-064
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1186/gb-2010-11-3-r25
https://doi.org/10.1093/bioinformatics/btm453


in Department of Biology. Queen’s University, Kingston,
Ontario, Canada.

Ron, M., M. W. Dorrity, M. de Lucas, T. Toal, R. I. Hernandez et al.,
2013 Identification of novel loci regulating interspecific variation in
root morphology and cellular development in tomato. Plant Physiol. 162:
755–768. https://doi.org/10.1104/pp.113.217802

Rosso, M. G., Y. Li, N. Strizhov, B. Reiss, K. Dekker et al., 2003 An
Arabidopsis thaliana T-DNA mutagenized population (GABI-Kat) for
flanking sequence tag-based reverse genetics. Plant Mol. Biol. 53: 247–
259. https://doi.org/10.1023/B:PLAN.0000009297.37235.4a

Rutherford, R., and P. H. Masson, 1996 Arabidopsis thaliana sku mutant
seedlings show exaggerated surface-dependent alteration in root growth
vector. Plant Physiol. 111: 987–998. https://doi.org/10.1104/pp.111.4.987

Sack, F. D., 1997 Plastids and gravitropic sensing. Planta 203: S63–S68.
https://doi.org/10.1007/PL00008116

Sang, D., D. Chen, G. Liu, Y. Liang, L. Huang et al., 2014 Strigolactones
regulate rice tiller angle by attenuating shoot gravitropism through in-
hibiting auxin biosynthesis. Proc. Natl. Acad. Sci. USA 111: 11199–11204.
https://doi.org/10.1073/pnas.1411859111

Schindelin, J., I. Arganda-Carreras, E. Frise, V. Kaynig, M. Longair et al.,
2012 Fiji: an open-source platform for biological-image analysis. Nat.
Methods 9: 676–682. https://doi.org/10.1038/nmeth.2019

Seren, U., B. J. Vilhjalmsson, M. W. Horton, D. Meng, P. Forai et al.,
2012 GWAPP: a web application for genome-wide association mapping
in Arabidopsis. Plant Cell 24: 4793–4805. https://doi.org/10.1105/
tpc.112.108068

Sessions, A., E. Burke, G. Presting, G. Aux, J. McElver et al., 2002 A high-
throughput Arabidopsis reverse genetics system. Plant Cell 14: 2985–
2994. https://doi.org/10.1105/tpc.004630

Shi, X., M. Chang, A. J. Wolf, C. H. Chang, A. A. Frazer-Abel et al.,
1997 Cdc73p and Paf1p are found in a novel RNA polymerase
II-containing complex distinct from the Srbp-containing holoenzyme.
Mol. Cell. Biol. 17: 1160–1169. https://doi.org/10.1128/MCB.17.3.1160

Simmons, C., F. Migliaccio, P. Masson, T. Caspar, and D. Soll, 1995 A novel
root gravitropism mutant of Arabidopsis thaliana exhibiting altered auxin
physiology. Physiol. Plant. 93: 790–798. https://doi.org/10.1111/j.1399-
3054.1995.tb05133.x

Slovak, R., C. Goschl, X. Su, K. Shimotani, T. Shiina et al., 2014 A Scalable
Open-Source Pipeline for Large-Scale Root Phenotyping of Arabidopsis.
Plant Cell 26: 2390–2403. https://doi.org/10.1105/tpc.114.124032

Spalding, E. P., 2013 Diverting the downhill flow of auxin to steer growth
during tropisms. Am. J. Bot. 100: 203–214. https://doi.org/10.3732/
ajb.1200420

Swarup, R., E. M. Kramer, P. Perry, K. Knox, H. M. Leyser et al., 2005 Root
gravitropism requires lateral root cap and epidermal cells for transport
and response to a mobile auxin signal. Nat. Cell Biol. 7: 1057–1065.
https://doi.org/10.1038/ncb1316

TAIR10, 2013 TAIR - Home Page Arabidopsis genome release TAIR10.

Tamura, K., D. Peterson, N. Peterson, G. Stecher, M. Nei et al., 2011 MEGA5:
molecular evolutionary genetics analysis using maximum likelihood, evolu-
tionary distance, and maximum parsimony methods. Mol. Biol. Evol. 28:
2731–2739. https://doi.org/10.1093/molbev/msr121

Tomato Genome Consortium, 2012 The tomato genome sequence provides
insights into fleshy fruit evolution. Nature 485: 635–641. https://doi.org/
10.1038/nature11119

Toyota, M., and S. Gilroy, 2013 Gravitropism and mechanical signaling in
plants. Am. J. Bot. 100: 111–125. https://doi.org/10.3732/ajb.1200408

Uga, Y., K. Okuno, and M. Yano, 2011 Dro1, a major QTL involved in deep
rooting of rice under upland field conditions. J. Exp. Bot. 62: 2485–2494.
https://doi.org/10.1093/jxb/erq429

Vilella, A. J., J. Severin, A. Ureta-Vidal, L. Heng, R. Durbin et al.,
2009 EnsemblCompara GeneTrees: Complete, duplication-aware phy-
logenetic trees in vertebrates. Genome Res. 19: 327–335. https://doi.org/
10.1101/gr.073585.107

Wall, L., 1987–2012 Perl 5.
Ye, J., G. Coulouris– I. Zaretskaya, I. Cutcutache, T. L. Madden,

2012 Primer-BLAST: a tool to design target-specific primers for
polymerase chain. BMC Bioinformatics 13: 134. https://doi.org/–10.1186/
1471–2105–13–134

Yu, X., and S. D. Michaels, 2010 The Arabidopsis Paf1c complex compo-
nent CDC73 participates in the modification of FLOWERING LOCUS C
chromatin. Plant Physiol. 153: 1074–1084. https://doi.org/10.1104/
pp.110.158386

_Zebrowska, E., E. Bujnowska, and I. Ciereszko, 2011 Differential responses
of oat cultivars to phosphate deprivation: plant growth and acid phos-
phatase activities. Acta Physiol. Plant. 34: 1251–1260. https://doi.org/
10.1007/s11738-011-0918-2

Zhang, Y., M. L. Sikes, A. L. Beyer, and D. A. Schneider, 2009 The Paf1
complex is required for efficient transcription elongation by RNA poly-
merase I. Proc. Natl. Acad. Sci. USA 106: 2153–2158. https://doi.org/
10.1073/pnas.0812939106

Zheng, X., N. D. Miller, D. R. Lewis, M. J. Christians, K. H. Lee et al.,
2011 AUXIN UP-REGULATED F-BOX PROTEIN1 regulates the cross
talk between auxin transport and cytokinin signaling during plant root
growth. Plant Physiol. 156: 1878–1893. https://doi.org/10.1104/
pp.111.179812

Zhou, Z. Y., C. G. Zhang, L. Wu, C. G. Zhang, J. Chai et al., 2011 Functional
characterization of the CKRC1/TAA1 gene and dissection of hormonal
actions in the Arabidopsis root. Plant J. 66: 516–527. https://doi.org/
10.1111/j.1365-313X.2011.04509.x

Zimmermann, P., B. Regierer, J. Kossmann, E. Frossard, N. Amrhein et al.,
2004 Differential expression of three purple acid phosphatases from
potato. Plant Biol (Stuttg) 6: 519–528. https://doi.org/10.1055/s-2004-
821091

Communicating editor: J. Birchler

Volume 8 December 2018 | Regulation of Root Angle and Gravitropism | 3855

https://doi.org/10.1104/pp.113.217802
https://doi.org/10.1023/B:PLAN.0000009297.37235.4a
https://doi.org/10.1104/pp.111.4.987
https://doi.org/10.1007/PL00008116
https://doi.org/10.1073/pnas.1411859111
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1105/tpc.112.108068
https://doi.org/10.1105/tpc.112.108068
https://doi.org/10.1105/tpc.004630
https://doi.org/10.1128/MCB.17.3.1160
https://doi.org/10.1111/j.1399-3054.1995.tb05133.x
https://doi.org/10.1111/j.1399-3054.1995.tb05133.x
https://doi.org/10.1105/tpc.114.124032
https://doi.org/10.3732/ajb.1200420
https://doi.org/10.3732/ajb.1200420
https://doi.org/10.1038/ncb1316
https://doi.org/10.1093/molbev/msr121
https://doi.org/10.1038/nature11119
https://doi.org/10.1038/nature11119
https://doi.org/10.3732/ajb.1200408
https://doi.org/10.1093/jxb/erq429
https://doi.org/10.1101/gr.073585.107
https://doi.org/10.1101/gr.073585.107
https://doi.org/�10.1186/1471�2105�13�134
https://doi.org/�10.1186/1471�2105�13�134
https://doi.org/10.1104/pp.110.158386
https://doi.org/10.1104/pp.110.158386
https://doi.org/10.1007/s11738-011-0918-2
https://doi.org/10.1007/s11738-011-0918-2
https://doi.org/10.1073/pnas.0812939106
https://doi.org/10.1073/pnas.0812939106
https://doi.org/10.1104/pp.111.179812
https://doi.org/10.1104/pp.111.179812
https://doi.org/10.1111/j.1365-313X.2011.04509.x
https://doi.org/10.1111/j.1365-313X.2011.04509.x
https://doi.org/10.1055/s-2004-821091
https://doi.org/10.1055/s-2004-821091



