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Abstract

Abstract: At the genus and species level, variation in root anatomy and architecture may interact to affect strategies of drought

avoidance. To investigate this idea, root anatomy and architecture of the drought-sensitive common bean (Phaseolus vulgaris)

and drought-adapted tepary bean (Phaseolus acutifolius) were analyzed in relation to water use under terminal drought.

Intraspecific variation for metaxylem anatomy and axial conductance was found in the roots of both species. Genotypes

with high-conductance root metaxylem phenotypes acquired and transpired more water per unit leaf area, shoot mass, and

root mass than genotypes with low-conductance metaxylem phenotypes. Interspecific variation in root architecture and root

depth was observed where P. acutifolius has a deeper distribution of root length than P. vulgaris. In the deeper-rooted P.

acutifolius, genotypes with high root conductance were better able to exploit deep soil water than genotypes with low root

axial conductance. Contrastingly, in the shallower-rooted P. vulgaris, genotypes with low root axial conductance had improved

water status through conservation of soil moisture for sustained water capture later in the season. These results indicate that

metaxylem morphology interacts with root system depth to determine a strategy of drought avoidance and illustrate synergism

among architectural and anatomical phenotypes for root function.
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Abstract: At the genus and species level, variation in root anatomy and architecture may interact to affect
strategies of drought avoidance. To investigate this idea, root anatomy and architecture of the drought-
sensitive common bean (Phaseolus vulgaris) and drought-adapted tepary bean (Phaseolus acutifolius ) were
analyzed in relation to water use under terminal drought. Intraspecific variation for metaxylem anatomy and
axial conductance was found in the roots of both species. Genotypes with high-conductance root metaxylem
phenotypes acquired and transpired more water per unit leaf area, shoot mass, and root mass than genotypes
with low-conductance metaxylem phenotypes. Interspecific variation in root architecture and root depth was
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observed where P. acutifolius has a deeper distribution of root length than P. vulgaris . In the deeper-
rooted P. acutifolius,genotypes with high root conductance were better able to exploit deep soil water than
genotypes with low root axial conductance. Contrastingly, in the shallower-rooted P. vulgaris , genotypes with
low root axial conductance had improved water status through conservation of soil moisture for sustained
water capture later in the season. These results indicate that metaxylem morphology interacts with root
system depth to determine a strategy of drought avoidance and illustrate synergism among architectural and
anatomical phenotypes for root function.

Keywords: Drought, Plant Hydraulics, Phenotyping, Phene Synergism, Root Anatomy, Root Architecture,
Secondary Growth, Xylem
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Introduction

Although superior plant performance under water limitation is broadly characterized as “drought tolerance”,
this term obscures distinct strategies that may exist at the genus or species level for plants to cope with wa-
ter deficit. Multiple combinations of root and shoot phenotypes may benefit performance under water stress
through either conservation of soil water or by providing access to available water as drought progresses
(Vadez, 2014). Elucidating idiosyncratic strategies of drought avoidance not only requires investigation of
individual root and shoot phenotypes, but also the broader interactions between these phenes that affect wa-
ter acquisition, transport, and utilization (Strocket al., 2019a). Since roots are directly responsible for water
capture, investigation of the effects of interactions between anatomical and architectural root phenotypes on
drought avoidance is especially relevant to both basic and applied plant biology.

While water transport through the plant is driven by transpiration and primarily regulated by stomata,
within the soil > plant > atmosphere continuum, roots represent the greatest resistance (Purushothaman
et al ., 2013; Vadez, 2014). Anatomical phenes have significant influence over the rate at which roots can
transport water radially into the stele and axially to the shoots (Leitner et al ., 2014; Lynch et al . 2014).
As dicotyledonous roots mature and secondary growth progresses, root tissue becomes more heavily lignified
and suberized, and radial transport of water across the root is minimized (Guo et al ., 2008; Rewaldet al .,
2011; Ranathunge & Schreiber, 2011). This process of secondary growth effectively shifts the physiological
role of the roots from one of resource capture to axial transport (Steudle, 2000; Strocket al ., 2018, 2020).

Axial water transport is augmented during secondary growth through the production of secondary metaxylem
elements, with the efficiency of axial conductance increasing with vessel diameter (Hacke et al., 2017; Strock
et al. , 2018, 2020; Tyree et al ., 1994; Zimmerman, 1983). Although increasing rates of water and nutrient
transport are necessary to support shoot growth, under situations of terminal drought, roots with narrow
vessels may be advantageous in moderating desiccation of root tips and the surrounding rhizosphere for
sustained soil exploration and water capture later in the season (Lynch et al ., 2014; Richards & Passioura,
1989; Vadez, 2014). Narrow vessels may also benefit roots in drier soils where negative tension on metaxylem
vessels can be severe, leaving large diameter vessels more vulnerable than narrow vessels to dysfunction
through cavitation (Tyree et al ., 1994). In perennial tree and shrub species, this hydraulic failure typically
occurs in the roots, where metaxylem vessels are wider and longer than vessels in the shoots (Hacke & Sperry,
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2001; Nobel & Jordan, 1983; Pockman & Sperry, 2000; Sperry & Ikeda, 1997; Sperry & Saliendra, 1994).

Although the relationship between water use and metaxylem vessel morphology is not a novel topic, the bulk
of relevant literature has been conducted with perennial tree species and monocotyledonous species (Alder
et al ., 1996; Passioura, 1972; Richards & Passioura, 1989; Sperry & Saliendra, 1994). While the principles of
water transport through the xylem apply to all vascular plants, differences in metaxylem vessel morphology
and their relationship with strategies to mitigate water stress may vary significantly among species. In
contrast with annual dicots, monocots lack secondary growth and seasonal development of vasculature, while
perennial species are subject to different constraints and opportunities with regards to water acquisition and
use (Lynch, 2019; Strock & Lynch, 2020). Research addressing vascular development during secondary growth
and intraspecific variation for metaxylem vessel morphology in annual dicots is lacking, but is essential for
understanding the capacity and control of hydraulic conductance in these species (Comas et al ., 2013; Hacke
et al ., 2017, Strock & Lynch, 2020).

While axial transport of water is affected by metaxylem morphology, acquisition of water is dependent upon
the spatiotemporal distribution of roots throughout the soil profile (Lynch, 2013). Root length distribution
in the soil is modified by root architectural phenes such as the gravitropism of axial roots (Ho et al ., 2005;
Miguelet al ., 2015; Miller et al ., 2003) as well as the elongation and abundance of lateral and axial root
classes (Jia et al ., 2018; Miguel et al ., 2013; Postma et al ., 2014; Rangarajan et al ., 2018; Zhan et al .,
2015). Though root architecture and metaxylem morphology have distinct effects on water acquisition and
transport, plant water relations are more broadly conceptualized through consideration of the interaction
between anatomical and architectural phenotypes. For example, it is possible that in situations where deeper
root architecture permits access to ample water at depth, large diameter metaxylem vessels might be more
advantageous than small diameter vessels. It may also be the case that when water availability is limited, rapid
water extraction can exhaust soil water reserves before the plant reaches reproductive maturity (Manschadi
et al ., 2006; Palta et al ., 2011).

In this study, we explore the interaction between root metaxylem vessel morphology and root architecture
on water use under terminal drought in two annual dicot species through functional-structural modeling and
empirical observations of plants grown in controlled environment mesocosms and in the field. Our goals were
to test the hypotheses that in annual dicots 1) there is inter- and intraspecific genetic variation for axial
root metaxylem vessel morphology, 2) this variation in metaxylem vessel morphology affects water use under
terminal drought stress, and 3) metaxylem vessel morphology interacts with root architecture and water
availability to affect plant water status under drought stress.

To test these hypotheses, common bean (Phaseolus vulgaris L. ) and tepary bean (Phaseolus acutifolius )
were employed. These two taxa are closely related and are phenotypically similar, but are endemic to regions
with disparate water availability. P. vulgarisevolved in mid-latitude neo-tropics of the Western hemisphere
and is not well adapted to water stress (Beebe, 2014). P. acutifolius is native to the arid, rain-shadow valley
of Mexico and the southwestern United States and maintains superior water status under drought compared
to P. vulgaris , although the physiological mechanisms underlying this adaptation to water deficit are poorly
understood (CIAT, 1987; Micheletto et al ., 2007; Pratt & Nabhan, 1988; Rao et al ., 2013).

Materials and Methods

Germplasm Selection

To examine the anatomical variation present within these species,P. vulgaris accessions from the Andean
gene pool were grown at the Apache Root Biology Center, Cochise County, Arizona, USA (32.033896° N,
-109.692821° W) from May through September 2015 and 2016. P. acutifolius accessions were also grown at
this location from May through September 2015 and under water stress at the University of Puerto Rico
Agricultural Experimental Station, Juana Diaz, Puerto Rico (18.031277° N, -66.529612° W) from December
through January 2016. Seeds for these studies were obtained from The International Center for Tropical
Agriculture (CIAT) and the United States Department of Agriculture (USDA-ARS). At flowering, root
crowns were extracted and washed, and the anatomy was analyzed from a segment of taproot 2.5 cm from
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the hypocotyl. Of all the axial root classes in Phaseolus species, the taproot is considered to be most
important for water capture. These segments were preserved, sectioned, imaged, and analyzed with laser
ablation tomography (LAT) as described in Strock et al ., (2019b) and Hall et al ., (2019). Six accessions
from each species were selected for use in subsequent greenhouse and field studies. These accessions has similar
taproot diameter, but distinct metaxylem vessel morphology and contrasting theoretical axial conductance
across multiple environments and seasons (Figs. S1, S2). The six P. vulgaris genotypes included “Jesca”,
“G1368”, and “PR1146-123”, which were classified as having roots with a low axial conductance metaxylem
phenotype (“low-conductance”), and “Blush”, “VA-19”, and “PI 307808”, which were classified as having
roots with a high axial conductance metaxylem phenotype (“high-conductance”) (Figs. S1, S2). AmongP.
acutifolius genotypes “G40009”, “G40010”, and “G40158A” were classified as having roots with a low axial
conductance metaxylem phenotype (“low-conductance”), while “G40028”, “G40128”, and “G40157” were
classified as having roots with high axial conductance metaxylem phenotype (“high-conductance”) (Figs.
S1, S2).

Effect of Root Anatomy on Water Use: Greenhouse Study

This study was conducted in a greenhouse located at The Pennsylvania State University, University Park,
Pennsylvania, USA (40.801955° N, -77.862544° W). Plants were grown from June through July 2018 under
a 16:8 (light:dark) photoperiod and max/min temperature of 28°C/25°C. Mid-day photosynthetic active
radiation (PAR) was approximately 900-1000 μmol photons m-2 s-1. Natural light was supplemented from
0600 to 2200 h with 110 μmol photons m-2 s-1 from LED Illumitex ES2 lights (Illumitex, Inc., Austin, TX,
USA). Seeds were sterilized in a 25% NaOCl solution and germinated for 24 h in the dark at 28oC. Uniform
seedlings were transplanted to the greenhouse in opaque, 20 L mesocosms 30 cm in diameter and 44 cm in
height. Mesocosms were filled with a mixture of 60% medium grade sand (Quikrete Co, Inc., Atlanta, GA,
USA), 20% field soil (Ap2 Hagerstown silt loam (fine, mixed, semi-active, mesic Typic Hapludalf)) sieved
through 6mm mesh, and 20% D3 coarse grade A vermiculite (Whittemore Co., Inc., Lawrence, MA, USA).
Mesocosms were fertilized with 2.5 g L-1 Osmocote (15-9-12; 3-4 mo.) (The Scotts Co., Marysville, OH,
USA) incorporated into the media at the time of mixing.

A Complete Randomized Block Design was utilized with two irrigation levels; water stress (WS) and well-
watered (WW). Irrigation was supplied through drip rings, with pots being brought to field capacity daily.
Irrigation was halted on pots assigned to the WS treatment at 14 days after planting (DAP). The experiment
was run for a total of 42 days with destructive measurements taken from all genotypes in all treatments at
14, 28, and 42 DAP. Each genotype had three replications at each time point and treatment.

Gas exchange measurements were taken on every plant in both irrigation treatments every other hour from
09:00 to 18:00 at 13, 27, and 41 DAP using the Li-Cor LI-6400 portable photosynthesis system (Li-Cor,
Lincoln, NE, USA). Gas exchange measurements were taken on young, fully expanded leaves using a PAR
intensity of 1,500 μmol photons m-2 s-1, baseline sample chamber and reference chamber CO2 concentration
of 400 μmol mol-1, and 40% relative humidity. At 14, 28, and 42 DAP destructive shoot measurements
were taken including leaf number, leaf area, and dry shoot biomass. Leaf area was determined using the
Li-Cor LI-3100C leaf area meter (Li-Cor, Lincoln, NE, USA). Dry mass was determined from tissues dried at
65°C for 7 d. The root system of each plant was extracted and washed, and root architecture was measured
as in Burridge et al . (2017). A 5 cm segment of taproot was taken immediately below the hypocotyl for
anatomical analysis. The remaining root system was dried at 65°C for 7 d, and the dry mass was determined.

To determine the validity of hydraulic conductance estimates calculated from transverse cross-sectional
images, in situ measures of axial conductance were performed on the 5 cm segments of taproot in a method
modified from Jacobsen (2011) and Sperry et al . (1988). Prior to measurement, each 5 cm root segment
was soaked in a de-gassed 20 mM KCl solution for 30 min and lateral roots were removed with scissors.
Paraffin wax was melted and painted on the surface of the root to preclude radial losses of flow through
lateral root junctions across the segment. A 0.0065 Mpa hydraulic head of degassed 20 mM KCl solution was
attached to one end of the root segment and flow out the opposite end of the segment was quantified over a 5
min period using an Adventurer Pro AV13C analytical balance (Ohaus Corporation, Pine Brook, NJ USA).
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Following these in situ conductance measurements, the wax coating was removed and the root segment was
preserved, sectioned at each end, and anatomical features were characterized following the protocol described
above. The mean of the theoretical conductance estimate from both ends of a given segment were used for
comparison with the in situ measure of conductance across that segment.

Interspecific Differences in Root Depth and Water Acquisition:

Greenhouse Study

A second greenhouse study was conducted to directly compare the root length distribution and water acqui-
sition by depth of P. vulgarisand P. acutifolius . One genotype from each species (G40009 and VA-19) was
grown from April through May 2019 in mesocosms 110 cm in height and 15 cm in diameter under the same
environmental conditions as described for the previous greenhouse study. Mesocosms were irrigated to field
capacity daily until 18 DAP, after which irrigation was withheld until destructive sampling.

At 34 DAP mesocosms were cut into 10 cm increments by depth from the soil surface to bottom of the
container. Samples for gravimetric soil water content were collected and roots were washed and collected
from each 10 cm segment of the mesocosm. Roots from each segment were imaged using an EPSON Perfection
V700 PHOTO scanner and total root length was quantified with WinRhizo software (WinRhizo Pro; Reagent
Instruments). The scanned roots were then dried at 60oC and weighed to determine specific root length,
calculated by dividing the total root length by the total root dry weight.

Effect of Root Architecture on Root System Depth: In Silico Study

To investigate how the contrasting root architectures of P. acutifolius and P. vulgaris affect the distribution
of roots by depth, simulations were conducted with OpenSimRoot , a functional-structural 3D plant model
(Lynch et al. , 1997; Postmaet al., 2017). OpenSimRoot was parameterized with mean measures of the root
architecture of each species in the field. Models of P. acutifolius root architecture had no adventitious roots,
one whorl consisting of four basal roots, and a basal root angle of 40 degrees from the soil surface. Models of
P. vulgaris had six adventitious roots, three whorls consisting of twelve basal roots, and a basal root angle
of 35 degrees from the soil surface. All other plant properties were held constant in all simulations. Plant
growth was simulated for 40 days after germination. Given its mobility with water in the soil profile, nitrate
was used as a proxy for water in the model. To simulate water limited conditions, a mild nitrogen stress
(106.5 kg/ha available N) was imposed and availability was stratified by soil depth. Boundaries were applied
to permit root growth within a 0.6 m x 0.6 m x 1.5 m deep soil volume to emulate a soil volume similar
to that within a planted row in the field. Further information onOpenSimRoot is provided by Postma et al.
(2017), an overview of OpenSimRoot parameterization is available in Supplemental Data S1, and files used to
generate this simulation are available at http://doi.org/10.5281/zenodo.3369218.OpenSimRoot source code
is available for use athttps://gitlab.com/rootmodels/OpenSimRoot.

Evaluation of Inter- and Intraspecific Variation in the Field

This study was conducted at the Russell E. Larson Agricultural Research Farm, at Rock Springs, Pennsylva-
nia, USA (40.709746°N, -77.956965° W) from June through September 2017 in a Hagerstown silt loam (fine,
mixed, semi-active, mesic Typic Hapludalf). A split plot design was utilized with two irrigation levels; one
0.04 ha rain out shelter field was split into four, 0.01 ha blocks each and one 0.04 ha irrigated field split into
four, 0.01 ha blocks. Plant species and genotypes were randomized within each block. Fields were fertilized
to meet P. vulgaris requirements as determined by soil tests at the beginning of the season. Each genotype
was planted in a three-row, 3 m long plot with 60 cm row spacing and 10 cm intra-row spacing. During
periods of inadequate rainfall, irrigation was supplied to the well-watered treatment. Drought treatment was
initiated at 20 DAP, after which plots experienced no rainfall or irrigation through time of yield harvest.
Each genotype had four replications within each irrigation treatment. Average max/min temperatures of this
site during this experiment were 27°C/17°C, total rainfall was 31 cm, and average light:dark photoperiod
was 14.5:9.5. Mid-day photosynthetic active radiation (PAR) was approximately 1500-2000 μmol photons
m-2s-1.
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To limit the presence of fungal disease, seed were treated with Captan 50W fungicide at a rate of 0.5 ml/ 100
seeds prior to planting. Soil water status of the rain out shelter and control plots was monitored weekly at
two locations per block by time domain reflectometry (TDR) probes buried at 15 and 30 cm depth that were
calibrated to gravimetric samples (Fig. S3). Gas exchange measurements were taken as described above on
3 plants per plot in one block of the rain out shelter and one block of the control field every other hour
from 09:00 to 18:00 at 65 DAP. Gas exchange measurements were taken using a PAR intensity of 1,500 μmol
photons m-2 s-1, baseline sample chamber and reference chamber CO2 concentration of 400 μmol mol-1, and
40% relative humidity. Stomatal density was determined from leaf prints taken from three representative
leaves per plot as in Gitz & Baker (2009). Leaf relative water content (RWC) was determined from 10, 2.5
cm discs taken at 60 DAP as in Smart & Bingham (1974).

At flowering (57 DAP), destructive shoot measurements were taken including leaf area and dry shoot biomass.
Dry mass was determined from tissues dried at 65°C. Leaf area was estimated by separating the leaf blades
from stems and petioles on 5 representative plants per plot and comparing the net dry mass of leaf tissue to
the specific leaf mass of the 2.5 cm leaf discs used for leaf RWC measurements.

Root architecture was measured as in Burridge et al. (2017). One soil core was taken in each plot to a depth
of 60 cm, 5 cm from the base of representative plants toward plants from the neighboring row (Giddings
Machine Co., Windsor, CO, USA). Soil cores were 5.1 cm in diameter and were divided into 6, 10 cm
increments, washed, and extracted roots from each segment were scanned and quantified as described above.
The anatomy of 3 representative basal roots and 4 representative taproots was analyzed from the segment
of root 2.5 cm from the hypocotyl. Following anatomical analysis, a 2.5 mg subsample of ground taproot
tissue was analyzed for C and H content using an elemental analyzer (Series II CHNS/O Analyzer 2400;
PerkinElmer). At the end of the season, yield and yield components were calculated from 2 m of contiguous
row per plot.

Statistical Analysis

All statistical analyses were performed using R 3.6.2 (R Foundation for Statistical Computing, 2016). Nor-
mality and homoscedasticity of the data were determined using the Shapiro-Wilk test and the non-constant
error variance test respectively. Where data did not meet these assumptions, a box-cox or log transformation
was used to normalize the data. Analysis of variance (ANOVA), Tukey honestly significant difference, and
Pearson’s regression analysis were performed with significant effects reported at α [?] 0.05 and α [?] 0.1
where noted.

To determine if the size or abundance of root traits scaled with shoot size under well-watered and water stress
conditions, allometric relationships between root phenotypes and shoot mass were explored as in Strock et
al. (2018).

Statistical analysis of OpenSimRoot output was not attempted, as performing statistical tests on modeling
output results in artificially high p values, regardless of effect size since differences in replicates are simply
the result of random number generators within the model. Additionally, because the contrasting parameters
are programmed into the model, it is known before the model is run that the null hypothesis is false (White
et al., 2014).

Results

Metaxylem Morphology Determines Rate of Axial Transport

Estimates of axial conductance calculated from metaxylem vessels in cross-section images had a strong
positive relationship with in situ measures of axial transport of roots at 14, 28 and 42 days after planting
(DAP) (Fig. 1). Species differences in taproot axial conductance, metaxylem number, mean metaxylem size,
and taproot TCSA were observed from 9 day old seedlings through flowering at 42 DAP (Figs. 2, S4). By
flowering in both mesocosms and the field, taproots ofP. acutifolius had more metaxylem vessels, greater
total metaxylem area, and greater axial conductance than P. vulgaris(Figs. 2, S2, S4, S5).
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Intraspecific Differences in Root Anatomy Develop with Secondary Growth

Differences in taproot conductance and metaxylem size between high and low-conductance phenotypic groups
were first statistically detectable inP. acutifolius at 28 DAP, and in P. vulgaris by 42 DAP (Fig. 2, S4).
In water stressed P. acutifolius , high-conductance genotypes had 74% greater axial conductance and 45%
larger mean metaxylem size than low-conductance P. acutifolius genotypes at 42 DAP (Fig. 2, S4). In water
stressed P. vulgaris,high-conductance genotypes had 114% greater axial conductance, 56% greater total
metaxylem area, and 37% larger mean metaxylem size compared to low-conductance P. vulgaris genotypes
at 42 DAP (Fig. 2, S4). Despite these intraspecific differences in metaxylem traits and axial conductance,
no phenotypic differences in taproot cross sectional area were detected between high and low-conductance
groups in either species (Fig. 2, S4). Similar trends in anatomy were observed in the field (Figs. S2,
S5). These intraspecific differences in metaxylem traits and axial conductance were also observed under
well-watered conditions (Figs. S2, S5).

In addition to quantitative differences in metaxylem vessel phenes and conductance, roots of the three high-
conductance genotypes in both species had less abundant xylem parenchyma and tracheids, as well as a thin,
bark-like periderm. Low-conductance genotypes displayed a greater abundance of xylem parenchyma and
tracheids, as well as a thicker, corky periderm (Fig. 3). In both species, differences in chemical composition
of roots was revealed through elemental analysis, which showed greater concentrations of carbon (C) and
hydrogen (H) in the roots of low-conductance genotypes compared to high-conductance genotypes (Fig. 3).

Interspecific Differences Exist in Root Architecture and Allocation to Root Growth

By 42 DAP there were no intraspecific differences in root mass, or the root mass - shoot mass ratio under
either irrigation treatment (Fig. 4). However, under water stress, P. vulgaris had 150% greater root mass
than P. acutifolius despite P. vulgaris having smaller shoot mass, leaf area, and leaf number than P.
acutifolius (Figs. 4, S6). Correspondingly, P. vulgaris had greater relative, as well as actual allocation to
root mass thanP. acutifolius (Fig. 4). Allometric analysis further revealed that root mass had no relationship
with plant size in P. acutifolius (Table 1), while in P. vulgaris root mass had a negative relationship to shoot
size under water stress and a positive relationship with shoot size under well-watered conditions (Table 2).

Interspecific Differences in Root Architecture

With regards to root architecture, in both mesocosms and the field, no consistent differences were observed
between high- and low-conductance genotypes within each species. However, interspecific differences were
observed where P. vulgaris had significantly greater basal root number, basal root whorl number, and
adventitious root number thanP. acutifolius (Fig. S7, S8). Additionally, in the field,P. vulgaris had a 10%
shallower basal root growth angle compared to P. acutifolius (Fig.S8).

Interspecific Differences in Root Depth and Water Acquisition

In mesocosms, P. acutifolius had greater total root length and fine root length (<0.12 mm in diameter) in
the deepest regions of the soil column, and greater specific root length from 10 cm depth to the bottom of
the column compared to P. vulgaris (Fig. S9). After 16 days without irrigation, P. acutifolius had lower
gravimetric water content below 70 cm compared to P. vulgaris (t = -3.38; p = 0.002) and gravimetric soil
water content was reduced in regions of the soil column where there was greater total length of fine roots
(<0.12 mm in diameter) (Figs. 5, S10). In the field, P. acutifolius also had a greater depth at which 75%
or root length was observed in soil cores compared to P. vulgaris (Fig. S8).

Root Architecture Determines Root Depth

Functional-structural modeling of the root length distribution of these two Phaseolus species revealed that
the differences in root architectural phenotypes alone can account for species differences in root depth. A
greater abundance of axial roots (basal and adventitious roots) and a shallower basal root growth angle
in P. vulgariscontributed to 45 - 257% greater root length in shallow soil strata (0 to 60 cm from the soil
surface) compared to P. acutifolius (Fig. 5). In contrast, less allocation to axial roots and a steeper basal
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root growth angle in P. acutifolius afforded this species 103 - 1498% greater root length at depths >70 cm
from the soil surface compared to P. vulgaris (Fig. 5).

Root Anatomical Features Do Not Consistently Scale with Plant Size

By 42 DAP in water-stressed mesocosms, no anatomical trait scaled with plant size in either species (Tables
1, 2). Under water stress in the field, allometric analysis indicated that metaxylem traits and conductance
had a hyperallometric relationship with plant size inP. acutifolius but still did not scale with plant size inP.
vulgaris (Tables 1, 2).

Contrasting Effects of Metaxylem on Shoot Growth Between Species

Under water stress in mesocosms, high- and low-conductance groups within each species had comparable leaf
area and shoot mass (Fig. S6). However, in the field, correlation analysis indicated that under water stress,
biomass was suppressed to a greater extent in P. acutifoliusplants with roots that had fewer metaxylem
vessels, smaller net metaxylem area, and lower axial conductance (Fig. 6). Direct comparison of high- and
low-conductance groups of field-grown P. acutifoliusunder water stress confirmed that genotypes with high
axial conductance roots had 71% greater shoot mass and 91% greater leaf area than genotypes with low
axial conductance roots (Fig. S11).

In contrast to P. acutifolius , correlation analysis revealed that the biomass of water stressed P. vulgaris in
the field was suppressed to a greater degree in plants with many metaxylem vessels, large net metaxylem area,
and large axial conductance in their roots (Fig. 6). Despite these significant correlations, no statistically
significant differences for shoot size were observed between high and low-conductance phenotypic groups
within P. vulgaris under water stress in the field (Fig. S11).

Within its native range (˜20-35° N) (Bitocchi et al. , 2017), P. acutifolius is capable of greater grain yield
than P. vulgaris under drought (Fig. S12). However, for Phaseolus species grown at latitudes outside of
their native distribution, photoperiod sensitivity can delay flowering and suppress grain yield (Fig. S13)
(Kwak et al., 2008; Pratt & Erikson, 1982; Raggi et al. , 2019; Thomas, 1983; White & Laing, 1989). While
utilizing diverse germplasm provides insight into the natural variation that exists for root architecture and
anatomy in these species, local adaptation to specific latitudes and photoperiod regimes hinders the capacity
to make inter- and intraspecific comparisons of grain yield within a single environment (Singh et al. , 1991).
Furthermore, grain yield of Phaseolus under drought is influenced by other factors beyond water acquisition
including pollen viability (Gross & Kigel, 1994), as well as photosynthate mobilization and grain filling
(Polania et al. , 2016). Consequently, among this diverse set of material grown at the Pennsylvania field
site, neither intra- nor interspecific differences in yield were observed under water stress, and conductance
phenotypes also had comparable yield under well-watered conditions (Fig. S13).

No Intraspecific Differences in Leaf Morphology

No differences in specific leaf mass were observed within either species, but under water stress, P. acutifolius
genotypes had thicker leaves than P. vulgaris genotypes (Fig. S11). While stomatal density and size were
also comparable between high and low-conductance phenotypes within each species, stomata were 21% and
47% larger in P. acutifolius than P. vulgaris under water stress and well-watered conditions, respectively
(Fig. S14).

Metaxylem Vessels in Roots Impact Water Use Under Drought

Although species differences in the rate of transpiration were not observed at any time of day in water
stressed mesocosms (Fig. 7), by 42 DAP P. acutifolius had still transpired more water than P. vulgaris
under water stress (Fig. 8). Taking into account interspecific differences in the size of roots and shoots, P.
acutifoliustranspired more water per unit root mass than P. vulgaris , whileP. vulgaris transpired more
water per unit shoot mass thanP. acutifolius (Fig. 8).

In mesocosms, intraspecific differences in transpiration rate were observed for both species. At 27 DAP at
the onset of terminal water limitation, high-conductance genotypes in both species had greater rates of tran-
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spiration in the morning, but smaller rates of transpiration in the afternoon than low-conductance genotypes
(Fig. 7). By 41 DAP, at the advanced phase of terminal water limitation, low-conductance genotypes of
both species were able to maintain greater rates of transpiration throughout the entire day compared to
high-conductance genotypes (Fig. 7). By 42 DAP, high-conductance genotypes in both species had greater
net transpirational water loss from mesocosms, as well as greater water loss per unit leaf area, shoot mass,
and root mass compared to low-conductance genotypes (Fig. 8).

Metaxylem Vessels and Root Depth Interact in the Field to Affect Water Use

At 64 DAP in the field, phenotypic differences in the rate of transpiration were only observed within P.
vulgaris . To account for differences in plant size that may influence net water use, gas exchange rates
were compounded by total leaf area. While the extrapolation of gas exchange rates by total leaf area likely
overestimates net water transpired, these metrics still provide a useful perspective on water use. When
gas exchange rates were compounded by leaf area, phenotypic differences were observed throughout the day
within both species under water stress. At this later timepoint of terminal drought in the field where soil water
availability increased with soil depth (Fig. S3), high-conductance genotypes of the deep-rootedP. acutifolius
had greater leaf RWC and net transpiration than low-conductance genotypes (Fig. 9). In contrast, genotypes
of the shallow-rooted P. vulgaris with high-conductance had smaller leaf RWC and net transpiration than
low-conductance genotypes (Fig. 9). In water-stressed P. vulgaris , plants that maintained greater leaf RWC
had smaller total metaxylem area, metaxylem number, taproot TCSA, and taproot conductance (Fig. S15).

Discussion

Observations from both mesocosms and the field highlight the interaction between metaxylem vessel morpho-
logy and root architecture on water transport and use under drought stress in annual dicots. These results
confirm the hypotheses that in two contrasting Phaseolus species 1) there is inter- and intraspecific diversity
for metaxylem vessel morphology (Figs. 2, S1, S2, S5), 2) this variation in metaxylem vessel morphology
is related to water transport and use under terminal drought stress (Figs. 1, 7, 8, 9), and 3) metaxylem
morphology integrates with root and shoot phenotypes in distinct water use strategies between these annual
species (Figs. 4, 6, 9, S11).

While water availability and experimental platform had a significant effect on the scale of metaxylem features,
inter- and intraspecific differences in axial conductance were consistent across all environments, indicating
that these differences are not a response to extrinsic factors, but are driven by a strong genetic component
(Figs. 2, 3, S1, S2, S4, S5). Comparable taproot diameters among genotypes suggest that differences in
conductance and metaxylem vessel morphology were not the product of contrasting rates of secondary
growth, but rather differences in patterns of tissue differentiation as secondary growth progressed (Figs. 2,
3, S1, S2, S4, S5). Genotypes with high conductance had greater production of secondary metaxylem vessels
and very little xylem parenchyma, tracheids, and periderm. This anatomical phenotype may be adaptive for
maximum transport efficiency in environments where water is always abundant, risk of cavitation is low, and
damage to roots by disease or edaphic herbivores is minimal. Roots of the low-conductance phenotype had
less allocation to secondary metaxylem vessels but more xylem parenchyma, tracheids, and periderm tissue.
This anatomical phenotype may be adaptive for roots in drying soils where conservation of limited soil water,
consistent transport, and protection of vasculature from air seeding, pathogens, or edaphic herbivores are
essential for greater fitness. The abundance of xylem parenchyma surrounding the vessels in low-conductance
roots may also provide some capacity for water storage to help buffer declines in soil water potential, as well
as play a role in nocturnal refilling of cavitated vessels (Nobel & Jordan, 1983; Stiller et al ., 2005). Numerous
tracheids in the stele of low-conductance phenotypes may prevent total hydraulic failure in drier soils by
providing an alternate pathway for water transport when larger vessel elements have cavitated (Calquist,
2012).

Differences in the elemental composition of high- and low-conductance roots point to differential partitio-
ning in anatomy and cell wall structure (Fig. 3). Greater concentrations of C and H in low-conductance
genotypes is likely driven by the thicker periderm of these roots, a secondary protective tissue that contains
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high concentrations of suberin, wax, and other fatty substances (Chen, 2014; Schreiber, 2010). Compared to
other principal cell wall components, such as cellulose (44% C, 6% H), hemicellulose (xylose ˜40% C, 7% H),
pectin (37% C, 5% H), and lignin (˜63% C, 6% H), suberin, waxes, and lipids have proportionally greater
concentrations of C and H by mass (˜72% C, 11% H). A thicker, suberized periderm may help to hydrau-
lically isolate roots from drying surface horizons, preventing leakage and air seeding through interconduit
pit membranes, thereby preserving the hydraulic integrity of the vasculature (Cuneo et al ., 2016; Hacke &
Sperry, 2001; Sperry & Saliendra, 1994; Zwieniecki et al ., 2003).

When integrated across an entire root system, small genotypic differences in metaxylem vessel morphology
and anatomical composition had significant effects on water transport and utilization. Variation in metaxylem
vessel number and size were strongly correlated with axial transport and this in turn had significant effects
on water use per unit leaf area, shoot mass, and root mass in both species (Figs. 1, 8). The absence of
significant intraspecific variation in other root or shoot traits including root architecture, leaf area, stomatal
size, or stomatal density in either species suggests that these differences in water use occurred at the level
of water transport within the plant, rather than elicited by allometric effects of root or shoot size on water
capture or transpiration rates (Tables 1, 2).

In humid environments with sufficient water availability and low risk of cavitation, roots with greater con-
ductance are generally considered adaptive in affording greater water and nutrient transport for growth
(Comas et al ., 2013; Purushothaman et al ., 2013; Tyreeet al ., 1994). However, high-conductance root
systems that fail to meter water transport and are susceptible to cavitation will impair plant fitness in ter-
minal drought environments where water availability is suboptimal (Comas et al ., 2013; Lynch et al ., 2014;
Vadez, 2014). This was supported by gas exchange rates in mesocosms at the onset of water stress, where
high-conductance genotypes had initially greater transpiration in the morning followed by abrupt declines
in the afternoon (Fig. 7). The mid-day decline in transpiration of the high-conductance genotypes probably
corresponded with stomatal closure or cavitation events in the roots. As drought stress became more severe
(41d), the high-conductance genotypes had significantly less leaf RWC and were almost completely impaired
in gas exchange compared to low-conductance genotypes. The greater rates of gas exchange, leaf RWC, and
shoot size of reduced conductance roots in mesocosms is an example of a water conservation strategy to
avoid the effects of soil water deficit and improve the efficiency of water use (Lynch et al ., 2014). These
results from mesocosms align with reports in other species where metaxylem vessel morphology related to
a drought avoidance strategy through water conservation and resistance to cavitation that improved water
use efficiency (Alder et al ., 1996; Gallardoet al ., 1996; Passioura, 1972; Richards & Passioura, 1989; Sperry
& Saliendra, 1994; Tyree et al ., 1994).

Although the influence of metaxylem morphology on axial transport and water use was apparent, physiolo-
gical traits affecting the acquisition, transport, and release of water have multifaceted interactions with one
another and often have fitness tradeoffs that restrict their utility in specific environments (Lynch, 2019).
While comparable intraspecific variation for metaxylem vessel morphology and conductance was present in
both species, integration of these root hydraulic traits with other components of root and shoot physiology
had contrasting effects on performance in P. acutifolius and P. vulgaris .

One of the principle differences between these two species was the interaction of metaxylem vessel morphology
with the allocation of biomass within the root system (Fig. 4). P. acutifolius has less root mass but was
still able to capture and utilize more water thanP. vulgaris , demonstrating that root system size was not
a limiting factor in water acquisition under drought stress (Figs. 4, 7, 8). Greater abundance and size of
metaxylem vessels allows P. acutifolius to maintain robust transport of water and nutrients with a smaller
root system compared to P. vulgaris , similar to observations in other species (Gallardo et al ., 1996; Lazcano-
Ferrat & Lovatt, 1999; Prince et al ., 2017). Lazcano-Ferrat & Lovatt (1999) also reported P. acutifolius
had a smaller root system, but comparable shoot mass and greater leaf RWC than P. vulgaris under water
stress.

Reduced root:shoot ratio has also been correlated with greater rooting depth in Phaseolus species (Berny
Mier y Teran et al ., 2018) and P. acutifolius’ ability to cope with a drying epipedon has been credited to the
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proliferation of roots at depth (Pratt & Nabhan, 1988; Rao et al ., 2013; Thomas, 1983). Root system depth
in Phaseolus is an aggregate of multiple root architectural phenes including gravitropism of axial roots as
well as the abundance of axial roots such as basal and adventitious roots. The gravitropic response of axial
roots impacts growth angle in the soil and axial root number directly affects root distribution, since basal
and adventitious roots emerge at the soil surface (Bonser et al ., 1996; Miguelet al ., 2013; Miller et al .,
2003). Greater numbers of axial roots also indirectly limit root system depth by competing for photosynthate
and slowing elongation of the taproot into deeper soil domains (Figs. 5, S8, S9) (Lynch, 2019). In the present
study, in silico results show that root architectural phenes act as regulators of root length distribution across
depth (Fig. 5). Steeper basal root growth angles and less resource allocation to axial root growth affordedP.
acutifolius a greater proportion of root length distribution deeper in the soil profile than P. vulgaris (Fig.
5, S8, S9). While a greater abundance of axial roots may limit the rooting depth ofP. vulgaris , it increases
the overall conductance of the root system of this species and may make up for the lesser conductance rates
per root in terms of total water flow to the shoot. This greater total conductance of the shallow root system
of P. vulgaris likely contributes to its superior performance under well-watered conditions compared to P.
acutifolius (Fig. S11).

While root anatomy and architecture are independent features of the root system that have distinct roles for
water acquisition and transport, the results of this work suggest that these independent components can have
integrated effects on plant-water relations. The integration of metaxylem vessel morphology and root depth
was highlighted in the contrasting performance of P. acutifolius in mesocosms and in the field. In mesocosms
where root depth was restricted, high-conductance genotypes in both species had greater water transport
and use, and consequently suffered from lower leaf RWC and gas exchange rates as drought stress intensified
(Figs. 7, 8). In the field however, where water availability was stratified and root depth less restricted (Fig.
S3), high-conductance genotypes of the deeper-rooted P. acutifolius had greater leaf RWC, larger biomass,
and greater rates of gas exchange (Figs. 5, 9). This divergent performance between environments where root
depth and water stratification were altered demonstrates the impact that interactions of multiple root phenes
and environmental conditions have on the fitness landscape of a given phenotype.

The contrasting interactions between metaxylem phenotypes and rooting depth in P. acutifolius and P.
vulgaris highlight the ability of root axial conductance to have either synergistic or antagonistic interactions
with root depth under water limitation. The synergistic interaction between high-conductance root anatomy
and deep roots in P. acutifolius demonstrates the utility of efficient axial transport in supporting growth
when root depth provides access to water (Prince et al ., 2017). The low-conductance phenotype within this
species has an antagonistic interaction with deeper roots by reducing the capacity for transport of water
to the growing shoot under stress. Complementarity between the low-conductance phenotype and shallow
roots in P. vulgaris reveals the utility of constraining water uptake to maintain limited soil water reserves
and reduce desiccation of root tips and the rhizosphere for sustained water capture later in the season.
Despite strong relationships between metaxylem vessel morphology and axial transport, no suppression of
biomass was observed in reduced conductance genotypes under well-watered conditions, similar to reports
in wheat by Richards and Passioura (1989). The unhampered growth of low conductance genotypes in the
well-watered treatment suggests that axial transport was not a limiting component to shoot growth under
these conditions.

The observed interspecific variation for both root anatomy and architecture likely reflects adaptation to
the native environments of each species. P. acutifolius evolved in arid, rain-fed ecosystems where little
supplemental rainfall occurs following seasonal monsoon rains that initiate germination (Pratt & Nabhan,
1988; Rao et al., 2013). As the soil dries in these terminal drought conditions, water is distributed along
a gradient in the soil profile, with availability increasing with soil depth (Manschadi et al ., 2006; Lynch,
2013; Lynch & Wojciechowski, 2015). This gradient of matric potential can be quite extreme in this species’
native range, where surface horizons are below permanent wilting point (-1.5 MPa) while soil at 1 m is
totally saturated (Bengough et al ., 2006). Under these conditions, a deep foraging root system with greater
transport efficiency is well suited for access to deep water later in the growing season.
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In contrast, P. vulgaris evolved in mid-latitude neo-tropics of the Western hemisphere and has a root system
that is poorly adapted to terminal drought conditions (Beebe, 2014). The shallow, well branched root system
of this species is most suited to foraging for immobile nutrients like phosphorus; a primary limitation to plant
growth throughout its native distribution where volcanic (Andosols) and weathered mineral soils (Oxisols,
Utisols, some Alfisols) characterized by Fe and Al oxide chemistry are prevalent (Lynch & Beebe, 1995).
Although phosphorus availability is a constitutive limitation to plant growth in this region, in conditions
where P. vulgaris may concurrently experience water limitation, the low-conductance anatomy phenotype
likely affords this species some ability to meter water extraction from a drying epipedon where the bulk of
its root system is distributed.

While this study highlights the integration of root metaxylem vessel morphology and root architecture for
water use in Phaseolusspecies, these results have broader relevance to plant-water relations for other annual
dicotyledonous species. Intraspecific variation for metaxylem vessel morphology is likely to be present in
many annual dicots and further research to explore the relationship between anatomy, root architecture, and
water use requires consideration of secondary growth and seasonal development of the vasculature, water
availability, and water transport throughout the life cycle of the plant. The integration of root anatomy
with other mechanisms for drought adaptation, such as shifts in phenology as well as allocation to sexual or
vegetative growth, must also be carefully considered.

These results indicate that metaxylem morphology interacts with root system depth to determine drought
avoidance in these species and illustrate the importance of synergism among architectural and anatomical
phenotypes for root function. The utility of metaxylem morphology is contingent upon root architecture
with respect to moisture availability. In terminal drought environments where water is available at depth,
maintaining deeper root systems with greater conductance maximizes productivity of these Phaseolus spe-
cies. Although root metaxylem vessel morphology is just one component of plant water relations, it can have
synergistic or antagonistic interactions with other phenes to affect water acquisition and use in particular
drought scenarios. The integration of multiple root and shoot phenotypes, as well as the spatiotemporal
availability of water, will ultimately determine the optimal root metaxylem morphology in a given environ-
ment. These insights are relevant to the challenge of matching root phenotypes related to water use with
environments in legumes and other annual dicotyledonous crops.
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of lab and field activities in AZ and PA, and Meredith Hanlon, Hannah Schneider, Stephanie Klein, Jenna
Reeger, and for helpful discussions.
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Tables

Table 1. Allometric analysis comparing shoot biomass to root phenes of tepary bean (P. acutifolius ) in the
greenhouse at 14, 28, and 42 DAP, and in the field at 57 DAP. Root phenes include total cross sectional area
(TCSA; mm2), metaxylem vessel area (XA; mm2), metaxylem vessel number (XN), mean metaxylem vessel
size (MXS; mm2), percent stele area (% Stele), theoretical axial hydraulic conductance (cond.; kg m MPa-1

s-1), adventitious root number (ARN), basal root number (BRN), basal root whorl number (BRWN), and
total root dry mass (R Mass; g). Anatomical data were means from the taproot for each mesocosm/plot.
Adjusted coefficient of determination (R2), y intercept (Int.), scaling coefficient (α), and P-value (p ) for the
regression line are shown. Boldface indicates a significant relationship at P < 0.05.
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Water
Stress

Water
Stress

Water
Stress

Water
Stress

Well
Watered

Well
Watered

Well
Watered

Well
Watered

R2 Int. (α) P R2 Int. (α) P
Greenhouse
14 DAP

TCSA 0.03 -0.22 0.47 0.21

XA 0.35 0.57 0.58 <0.01
XN 0.08 -1.03 0.43 0.12
MXS 0.40 3.26 1.16 <0.01
% Stele 0.29 -2.03 1.00 <0.01
Cond. 0.41 1.93 0.40 <0.01
ARN -0.09 -0.41 0.07 0.79
BRN 0.03 -0.81 0.46 0.20
BRWN 0.07 -0.52 0.44 0.11
R.
Mass

0.07 -0.05 0.45 0.12

Greenhouse
28 DAP

TCSA -0.06 1.08 -0.02 0.91 0.32 33.08 -62.40 <0.01

XA 0.06 1.25 0.24 0.16 0.95 18.32 30.31 <0.01
XN 0.06 1.40 -0.18 0.17 0.97 36.07 -18.02 <0.01
MXS 0.52 2.34 0.49 <0.01 0.87 -

104.88
-42.84 <0.01

% Stele -0.03 -3.62 2.35 0.46 1.0 113.52 -56.17 <0.01
Cond. 0.51 2.52 0.33 <0.01 0.97 65.61 15.63 <0.01
ARN -0.10 1.10 -0.03 0.85 0.69 29.35 -43.63 <0.01
BRN -0.01 0.97 0.12 0.38 0.44 62.95 -68.94 <0.01
BRWN -0.05 1.06 0.04 0.74 0.32 -9.12 54.22 <0.01
R.
Mass

0.06 -2.87 1.90 0.16 0.37 -11.40 38.55 <0.01

Greenhouse
42 DAP

TCSA -0.06 1.55 <0.01 0.99 0.38 1.44 0.54 <0.01

XA -0.06 1.56 0.02 0.85 0.14 1.92 0.40 0.07
XN -0.02 1.35 0.10 0.42 0.17 0.82 0.44 0.06
MXS -0.01 1.13 -0.16 0.37 -0.06 1.72 -0.02 0.91
Cond. -0.06 1.49 -0.01 0.88 -0.05 2.05 0.07 0.63
ARN 0.04 1.50 0.09 0.24 -0.07 1.80 -0.06 0.71
BRN -0.04 1.60 -0.05 0.58 0.11 2.07 -0.31 0.10
BRWN -0.04 1.56 -0.06 0.57 0.02 1.85 -0.22 0.26
R.
Mass

0.01 1.62 -0.19 0.30 -0.05 1.70 0.09 0.68

Field 57
DAP

TCSA 0.06 1.76 0.37 0.14 0.07 1.75 0.48 0.11

XA 0.44 2.31 0.83 <0.01 0.40 2.22 0.58 <0.01
XN 0.15 0.69 0.57 0.03 0.20 0.41 0.75 0.02
MXS 0.23 5.12 1.18 0.01 0.23 3.70 0.66 0.01
Cond. 0.56 4.76 0.65 <0.01 0.34 3.29 0.31 <0.01
ARN 0.33 1.82 0.56 0.02 -0.03 2.11 0.09 0.43
BRN 0.48 1.30 0.90 <0.01 0.19 1.84 0.40 0.02
BRWN 0.19 1.84 0.71 0.03 0.21 2.06 0.42 0.02

Table 2. Allometric analysis comparing shoot biomass to root phenes of common bean (P. vulgaris ) in the
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greenhouse at 14, 28, and 42 DAP, and in the field at 57 DAP. Root phenes include total cross sectional area
(TCSA; mm2), metaxylem vessel area (XA; mm2), metaxylem vessel number (XN), mean metaxylem vessel
size (MXS; mm2), percent stele area (% Stele), theoretical axial hydraulic conductance (cond.; kg m MPa-1

s-1), adventitious root number (ARN), basal root number (BRN), basal root whorl number (BRWN), and
total root dry mass (R Mass; g). Anatomical data were means from the taproot for each mesocosm/plot.
Adjusted coefficient of determination (R2), y intercept (Int.), scaling coefficient (α), and P-value (p ) for the
regression line are shown. Boldface indicates a significant relationship at P < 0.05.

Water
Stress

Water
Stress

Water
Stress

Water
Stress

Well
Watered

Well
Watered

Well
Watered

Well
Watered

R2 Int. (α) P R2 Int. (α) P
Greenhouse
14 DAP

TCSA 0.11 0.24 0.54 0.06

XA 0.08 0.55 0.28 0.10
XN -0.03 -0.02 0.09 0.59
MXS <0.01 0.67 0.18 0.32
% Stele <0.01 -0.39 0.31 0.30
Cond. 0.11 1.02 0.16 0.07
ARN -0.02 0.14 -0.07 0.42
BRN -0.05 0.09 0.03 0.93
BRWN -0.01 0.25 -0.29 0.40
R.
Mass

0.25 0.18 0.45 <0.01

Greenhouse
28 DAP

TCSA 0.02 0.98 0.33 0.28 0.38 1.10 0.46 <0.01

XA 0.10 1.35 0.34 0.11 0.23 1.58 0.39 0.02
XN 0.11 2.06 -0.55 0.10 0.11 0.57 0.37 0.10
MXA 0.18 1.89 0.31 0.05 <-0.01 1.80 0.21 0.34
% Stele <0.01 3.58 -1.27 0.32 -0.02 0.37 0.45 0.44
Cond. 0.15 1.97 0.19 0.06 0.17 2.28 0.22 0.05
ARN -0.04 1.16 -0.13 0.61 -0.02 1.11 0.15 0.42
BRN -0.05 1.27 -0.23 0.65 -0.07 1.24 0.017 0.97
BRWN <0.01 0.92 0.33 0.34 -0.07 1.23 0.055 0.92
R.
Mass

0.11 0.69 0.42 0.10 0.53 0.92 0.43 <0.01

Greenhouse
42 DAP

TCSA -0.04 1.48 -0.05 0.70 0.08 1.64 0.19 0.12

XA -0.04 1.49 0.03 0.81 0.03 1.82 0.14 0.24
XN -0.04 1.37 0.05 0.79 0.15 1.14 0.31 0.06
MXA -0.05 1.51 0.02 0.90 -0.05 1.51 -0.09 0.72
Cond. -0.03 1.63 0.03 0.60 -0.04 1.97 0.05 0.56
ARN -0.05 1.46 0.01 0.96 0.34 1.39 0.39 <0.01
BRN -0.04 1.37 0.09 0.82 -0.04 1.53 0.20 0.55
BRWN -0.05 1.48 -0.03 0.93 -0.05 1.67 0.16 0.75
R.
Mass

0.17 1.71 -0.31 0.03 0.49 1.15 0.56 <0.01

Field 57
DAP

TCSA 0.10 2.16 -0.44 0.08 0.09 2.10 0.14 0.08

XA 0.06 1.73 -0.28 0.13 0.05 2.24 0.10 0.16
XN 0.12 2.78 -0.40 0.06 -0.02 2.02 0.08 0.43
MXA -0.04 1.97 0.03 0.92 0.02 2.51 0.12 0.25
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Water
Stress

Water
Stress

Water
Stress

Water
Stress

Well
Watered

Well
Watered

Well
Watered

Well
Watered

Cond. 0.02 1.25 -0.14 0.26 0.03 2.46 0.06 0.20
ARN 0.09 1.75 0.27 0.09 -0.05 2.20 0.01 0.84
BRN 0.01 1.33 0.59 0.28 0.02 2.45 -0.27 0.25
BRWN -0.03 1.79 0.27 0.61 -0.04 2.22 -0.05 0.79

Figure Legends

Figure 1. Relationship between axial conductance measured across 5 cm taproot segments and the the-
oretical axial conductance calculated across the same root segment for roots of greenhouse-grown plants
harvested at 14 DAP (A), 28 DAP (B), and 42 DAP (C). Red lines indicate a significant correlation at a
confidence level of α [?] 0.05 using Pearson’s product-moment correlation analysis. n14DAP = 45, n28DAP =
73, n42DAP = 79

Figure 2. Theoretical axial conductance (kg m MPa-1 s-1), metaxylem number, mean metaxylem size (mm2),
and total cross sectional area (TCSA; mm2) of the taproot from P. acutifoliusand P. vulgaris accessions at 9,
14, 28, and 42 DAP grown under water stress in the greenhouse. Values shown are Mean ± SE. Comparisons
are made across species and phenotypes within each time point. * indicates significant species differences
and + indicates significant phenotypic differences within species at α[?]0.05. Insets magnify 9 and 14 DAP
timepoints.

Figure 3. (A) Carbon concentration (%), hydrogen concentration (%), and carbon:hydrogen ratio of roots
grown under water stress in the field at 57 DAP. Values shown are Mean ± SE. Comparisons are made
across species and phenotypic groups. n = 48. (B) High-conductance genotypes in both P. acutifolius and P.
vulgaris were observed to have a bark-like, hard, woody periderm, while low-conductance genotypes displayed
a smooth, thicker, corky periderm. (C) Three-dimensional reconstruction of high and low conductance root
segments showing contrast in metaxylem vessel morphology.

Figure 4. Dry shoot mass (g plant-1), root mass (g plant-1), and root:shoot mass ratio forP. acutifolius
and P. vulgaris accessions with contrasting conductance grown in mesocosms under water stress at 14, 28,
and 42 DAP. Values shown are Mean ± SE. Comparisons are made across species and phenotypes within
each time point. * indicates significant species differences and + indicates significant phenotypic differences
within species at α[?]0.05. Insets magnify 14 and 28 DAP timepoints.

Figure 5. OpenSimRoot results showing the root length distribution of P. vulgaris and P. acutifolius root
architectures at 40 days of growth (A, B). The model was parameterized from measures of root architecture
of each species in the field. Nitrogen availability in the model was limited and stratified by depth as a proxy
for water availability, and root growth was confined to a 0.6 x 0.6 x 1.5 m deep soil volume. Any roots that
intersected the boundary of the soil environment were mirrored back to maintain root length similar to that
of field conditions.

Figure 6. Correlations between the reduction in shoot mass under water stress (%) and total metaxylem
vessel area (mm2) (A, B), metaxylem vessel number (C, D), and theoretical taproot conductance (kg m
MPa-1s-1) (E, F) for P. acutifolius and P. vulgaris in the field at 57 DAP. Red lines indicate significant
correlations at the confidence level of α [?]0.05, and solid black lines indicate significant correlations at α
[?]0.1 using Pearson’s product-moment correlation analysis. n = 24

Figure 7. (A-C) Net transpiration rate (mmol m-2 s-1) for P. acutifoliusand P. vulgaris accessions with
contrasting conductance in the greenhouse under water stress at 13 (A), 27 (B), and 41 DAP (C). Values
shown are Mean ± SE. Comparisons are made across species and phenotypic groups within each timepoint.
* indicates significant species differences and + indicates significant phenotypic differences at α [?]0.05. (D)
Leaf RWC (%) of P. acutifolius and P. vulgarisgenotypes under well-watered and water stress conditions at
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42 DAP in mesocosms (D). Values shown are Mean ± SE. Comparisons in panel ’D’ are made across species,
phenotypic groups, and irrigation treatments.

Figure 8. Transpired water (L), transpired H2O leaf area-1 (L cm-2), transpired H2O shoot mass-1 (L g-1),
transpired H2O root mass-1 (L g-1) for P. acutifolius and P. vulgaris accessions with contrasting conductance
grown under water stress in the greenhouse at 42 DAP. Values shown are Mean ± SE. Comparisons are made
across species and phenotypes within each time point.

Figure 9. Transpiration rate (mmol m-2s-1) (A), and net transpiration (mol plant-1 s-1) (B) for P. acutifolius
and P. vulgaris accessions with contrasting conductance in the field under water stress at 64 DAP. Values
shown are Mean ± SE. Comparisons are made across species and phenotypic groups within each time point.
* indicates significant species differences and + indicates significant phenotypic differences within species
at α[?]0.05. (C) Leaf RWC (%) of P. acutifolius and P. vulgarisgenotypes under well-watered and water
stressed conditions at 57 DAP in the field. Values shown are Mean ± SE. Comparisons are made across
species, phenotypic groups, and irrigation treatments.

Supporting Information

Supplementary Data S1. OpenSimRoot uses a hierarchical input file which is summarized below. The
hierarchy gives the parameters in context. For example, ‘specific leaf area’ belongs to the shoot of a specific
plant. In OpenSimRoot , parameters can be a single value, a value drawn from a distribution (random),
or the result of an interpolation table. For constants we give the value, for distributions the distribution
parameters, and for tables, a list of space separated values e.g. x1, y1, x2, y2 . . . xn, yn. These parameters
are based on empirical data from our own measurements or from the literature.

Supplemental Figure S1. Theoretical conductance (kg m MPa-1 s-1), metaxylem number, mean metaxylem
size (mm2), and total cross sectional area (mm2) of P. vulgaris (A, B) and P. acutifolius (C, D) accessions
at the Apache Root Biology Center, Cochise County, Arizona, USA (32.033896° N, -109.692821° W) in 2015
(A, C) and 2016 (B), and at the University of Puerto Rico Agricultural Experimental Station, Juana Diaz,
Puerto Rico (18.031277° N, -66.529612° W) in 2016 (D). Values shown are Mean ± SE. Comparisons for
each variable are made across phenotypic groups.

Supplemental Figure S2. The taproot anatomy of low and high-conductance genotypes in P. acutifolius
(A) and P. vulgaris (B) under water stress (WS) and well-watered (WW) conditions in the field at 57 DAP.

Supplemental Figure S3. Rainfall and irrigation on well-watered field (in) (A). Soil moisture content (%)
in the water stressed and well-watered treatments determined from TDR probes placed at 15 cm and 30 cm
depth from the soil surface (B). Values shown are Mean ± SE.

Supplemental Figure S4. A comparison of taproot anatomy between high and low-conductance genotypes
of P. acutifolius (A) andP. vulgaris (B) under water stress (WS) and well watered (WW) conditions in
mesocosms at 14, 28, and 42 DAP. All cross sections within each panel are at the same scale. Bars = 0.5 mm

Supplemental Figure S5. Theoretical taproot conductance (kg m MPa-1 s-1), metaxylem number, mean
metaxylem size (mm2), and total cross-sectional area (mm2) of P. acutifolius and P. vulgarisaccessions with
contrasting conductance phenotypes in the field at 57 DAP. Values shown are Mean ± SE. Comparisons are
made across species and phenotypic groups. (C) Gravimetric soil moisture content (%) across all depths of
mesocosms planted with P. acutifolius and P. vulgaris after 16 days without irrigation. Lines represent the
mean value at each depth while the shaded region shows ± SE. Welch’s Two Sample T-test indicated that
P. acutifolius had extracted more water from 70-110+ cm depth than P. vulgaris (T= -3.38; p = 0.002).

Supplemental Figure S6. Leaf area (m2plant-1) and leaf number for P. acutifolius andP. vulgaris ac-
cessions with contrasting conductance grown in the greenhouse under water stress at 14, 28, and 42 DAP.
Values shown are Mean ± SE. Comparisons are made across species and phenotypes within each time point.
* indicates significant species differences and + indicates significant phenotypic differences within species at
α[?]0.05. Insets magnify 14 and 28 DAP timepoints.
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Supplemental Figure S7. Number of basal root whorls, basal roots, and adventitious roots of P. acutifolius
and P. vulgaris accessions with contrasting conductance grown in the greenhouse under water stress at 14,
28, and 42 DAP. Values shown are Mean ± SE. Comparisons are made across species and phenotypes within
each time point. * indicates significant species differences and + indicates significant phenotypic differences
within species at α[?]0.05.

Supplemental Figure S8. (A-D) Basal root growth angle (BRGA) (degrees from soil surface) (A), basal
root whorl number (BRWN) (B), basal root number (BRN) (C), and adventitious root number (ARN) (D)
ofP. acutifolius and P. vulgaris in the field. Values shown are Mean ± SE. (E) Excavated root crowns of P.
acutifolius andP. vulgaris from the field at 57 DAP showing differences in architectural phenes related to
root depth. (F) D75(depth at which 75% of the total root length exists in 60 cm soil core) of P. acutifolius
and P. vulgaris under water stress in the field at 58 DAP. * indicates significance at α[?]0.1

Supplemental Figure S9. Total root length (cm), fine root length (< 0.12 mm diameter) (cm), and
specific root length (m/g) by depth for P. acutifolius and P. vulgaris under water stress at 34 DAP. Values
shown are Mean ± SE. * indicates significant species differences at each depth.

Supplemental Figure S10. Relationship between gravimetric soil water content and the length of fine
roots (<0.12 mm diameter) across all depths of mesocosms in both P. acutifolius andP. vulgaris after 16
days without irrigation. Red line indicates a significant correlation at a confidence level of α[?]0.05.

Supplemental Figure S11. Dry shoot mass (g), leaf area plant-1 (m2), and specific leaf mass (g cm-2) of
P. acutifolius and P. vulgaris accessions with contrasting conductance in the field at 57 DAP. Values shown
are Mean ± SE. Comparisons are made across species and phenotypic groups.

Supplemental Figure S12. Violin plots showing median, interquartile range, 95% confidence intervals,
and frequency of grain yield for P. acutifolius (nacutifolius = 96 genotypes) and P. vulgaris (nvulgaris = 112
genotypes) diversity panels under drought stress (A) and well-watered conditions (B) grown at the Apache
Root Biology Center, Cochise County, Arizona, USA (32.033896° N, -109.692821° W). Letters within each
graph denote significant differences as determined by Welch’s Two Sample T-test at a confidence level of
α[?]0.05.

Supplemental Figure S13. Yield (kg ha-1), pod number plant-1, and pod length (cm) of P. acutifolius and
P. vulgaris accessions with contrasting conductance in the field. Values shown are Mean ± SE. Comparisons
are made across species and phenotypic groups.

Supplemental Figure S14. (A) Leaf imprints showing stomatal density and size on leaves of P. acutifolius
and P. vulgaris . While no species differences in stomatal density were observed, P. acutifolius had 17%
larger stomata than P. vulgaris . (B) Stomatal length of P. acutifolius and P. vulgaris leaves under water
stress and well-watered conditions in the field. Values shown are Mean ± SE. Comparisons are made across
species, phenotypic groups, and irrigation treatments.

Supplemental Figure S15. Correlations between leaf RWC (%) and total metaxylem area (mm2) (A,
B), metaxylem number (C, D), total cross sectional area (TCSA; mm2) (E, F), and theoretical taproot
conductance (kg m MPa-1s-1) (G, H) for P. acutifolius and P. vulgaris in the field. Red lines indicate
significant correlations at the confidence level of α[?]0.05, solid black lines indicate significant correlations at
α[?]0.1 using Pearson’s product-moment correlation analysis.

21



P
os

te
d

on
A

u
th

or
ea

6
M

ay
20

20
—

C
C

B
Y

4.
0

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
58

87
91

93
.3

70
73

81
5

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
as

n
ot

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

at
a

m
ay

b
e

p
re

li
m

in
ar

y.

22



P
os

te
d

on
A

u
th

or
ea

6
M

ay
20

20
—

C
C

B
Y

4.
0

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
58

87
91

93
.3

70
73

81
5

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
as

n
ot

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

at
a

m
ay

b
e

p
re

li
m

in
ar

y.

23



P
os

te
d

on
A

u
th

or
ea

6
M

ay
20

20
—

C
C

B
Y

4.
0

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
58

87
91

93
.3

70
73

81
5

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
as

n
ot

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

at
a

m
ay

b
e

p
re

li
m

in
ar

y.

24



P
os

te
d

on
A

u
th

or
ea

6
M

ay
20

20
—

C
C

B
Y

4.
0

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
58

87
91

93
.3

70
73

81
5

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
as

n
ot

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

at
a

m
ay

b
e

p
re

li
m

in
ar

y.

25



P
os

te
d

on
A

u
th

or
ea

6
M

ay
20

20
—

C
C

B
Y

4.
0

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
58

87
91

93
.3

70
73

81
5

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
as

n
ot

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

at
a

m
ay

b
e

p
re

li
m

in
ar

y.

26



P
os

te
d

on
A

u
th

or
ea

6
M

ay
20

20
—

C
C

B
Y

4.
0

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
58

87
91

93
.3

70
73

81
5

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
as

n
ot

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

at
a

m
ay

b
e

p
re

li
m

in
ar

y.

27



P
os

te
d

on
A

u
th

or
ea

6
M

ay
20

20
—

C
C

B
Y

4.
0

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
58

87
91

93
.3

70
73

81
5

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
as

n
ot

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

at
a

m
ay

b
e

p
re

li
m

in
ar

y.

28



P
os

te
d

on
A

u
th

or
ea

6
M

ay
20

20
—

C
C

B
Y

4.
0

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
58

87
91

93
.3

70
73

81
5

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
as

n
ot

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

at
a

m
ay

b
e

p
re

li
m

in
ar

y.

29


