Unpredicted, rapid and unintended structural and functional changes occurred during early
domestication of Silphium integrifolium, a perennial oilseed
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MAIN CONCLUSION

Selection for increased yield changed structure, physiology and overall resource-use strategy from conservative
towards acquisitive leaves. Alternative criteria can be considered, to increase yield with less potentially negative
traits.

ABSTRACT

We compared the morphology, anatomy and physiology of wild and semi-domesticated (SD) accessions of Silphium
integrifolium (Asteraceae), in multi-year experiments. We hypothesized that several cycles of selection for seed-
yield would result in acquisitive leaves, including changes predicted by the leaf economic spectrum. Early-selection
indirectly resulted in leaf structural and functional changes. Leaf anatomy changed, increasing mesophy!l
conductance and the size of xylem vessels and mesophyll cells increased. Leaves of SD plants were larger, heavier,
with lower stomatal conductance, lower internal CO2 concentration,and lower resin concentration than those of wild
types. Despite increased water use efficiency, SD plants transpired 25% more because their increase in leaf area.
Unintended and undesired changes in functional plant traits could quickly become fixed during domestication,
shortening the lifespan and increasing resource consumption of the crop as well as having consequences in the
provision and regulation of ecosystemservices.

KEYWORDS: A/Ci, Chlorophyll fluorescence; Gas exchange; Leaf anatomy; Mesophyll conductance; Net CO»
uptake.

Abbreviations

A: Instantaneous CO2 uptake [umol m2 s-1]

Ci: Internal CO2 concentration [umol mol]

E: Instantaneoustranspiration rate [mmol m2 s-1]
gm: Mesophyllconductance [umol m?2 s-1 Pal]
gs: Stomatal conductance [mol m2 s-1]

J: Electron transport rate [umol CO2 m2 s1]

SD: Semi-domesticated plant

SLA: Specific leaf area [ cn? g1]
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TPU: Triose phosphate utilization [umol CO2 m?2 s-1]

Vemax: Maximum RuBP carboxylation capacity [umol m?2s1CO; ]
W: Wild plant

I': Carbon compensation point [pmol mol?]

INTRODUCTION

Annual crops share a set of traits that have collectively been described as the “domestication syndrome”.
Compared to their wild ancestors, crop plants are larger, more palatable, with larger seeds and leaves, and
indehiscentand non-toxic fruits (Evans 1993; Diamond 2002). For most annual crops, these changes were brought
aboutearly in the domestication process and are different from those made by recent crop improvement that resulted
in modern cultivars (Milla et al. 2014). During this process, plants were moved from relatively high stress
environments to lower stress agricultural ecosystems, where interspecific plant competition and herbivory pressure
were reduced by human intervention, which, togetherwith fertilization, burning and tillage also increased resource
availability (Connor et al. 2011). The release of natural stressfulconditions should have resulted, in most annual
crops, in the shift of strategy of resource acquisition and use, from conservative to more acquisitive (Vilela and
Gonzalez-Paleo 2015), although there is evidence that this change may not be ubiquitous (Milla et al. 2014).

At a broad scale of analysis, it is known that leaf structural and functional traits are key characters in
describing resource use strategies. In general, leaves from acquisitive plants are thinner and less costly, have more
nitrogen and phosphorus perunit weight, and higher rates of assimilation and respiration (Wright et al. 2004; Diaz et
al. 2004, 2016). Following these general trends, it was predicted that leaves of domesticated plants should have
higher specific leaf area (SLA) thantheir wild counterparts, although Milla etal. (2014) found no evidence of this
changein a group of 30 annual crops:while leaf size increased, SLA did notchange. Furthermore, leaf size mostly
increased during early domestication (from wild, undomesticated types to landraces) but not with modern breeding.

Leaf function has also been predicted to change during crop evolution (Pujol et al. 2008; Donovan et al.
2011; Jaikumar et al. 2013) because of the need to produce more carbohydrates to supply increased sink demand
(e.g., larger seed number and size, changes in'seed composition, etc.) in higher yielding plants. Although
photosynthesis has been recognized as an option to achieve increased yields, the efforts to improve CO2 assimilation
through genetic manipulation in C3 crops have had very limited success during the last two decades (Long et al.
2006; Flexas 2016). Photosynthetic rates have been found to remain unchanged after domestication in at least three
grain-crops (sunflower, maize and wheat; Gifford and Evans 1981; Milla and Matezanz 2017). In these crops,
increase in whole-plant C gains was explained by a larger leaf area per plant (i.e., leaf size increase) thatresulted in
more transpiration and higher water footprint. While according to these authors, leaf photosynthesis remained
unchanged, manipulation of leaf anatomy may be an option to increase total photosynthesis without enlarging plant
size that has received little attention.For example, Tholen et al. (2012) listed a number of ideal leaf anatomical
features to favor CO2 uptake underdifferent environmental conditions, including larger veins, elongated palisade
cells and bundle sheath extensions to maintain the high hydraulic conductance required to improve photosynthesis.

Most domesticated plants have also lost chemical defenses either by direct selection against bitter or toxic
compounds (Gepts 2004; Meyer et al. 2012) or indirectly by shifts in resource allocation broughtabout by a change
in resource acquisition strategies (Mondolotet al. 2008). Low resource availability limits the rate at which resources
can be acquired (Coley et al. 1985), and fitness is maximized by protecting acquired resources (i.e., conservative
strategy). In contrast, in resource-rich environments acquisitive strategies are favored: plants acquire resources
rapidly and use them for growth and reproduction (Reich et al. 1997; Reich 1998; Poorter and De Jong 1999;
Poorter and Garnier 1999; Westoby etal. 2002). Under these conditions, regrowth after herbivory is a more cost-
effective strategy than the investment of carbon in defenses for the standing biomass (Poorter and Garnier 1999).
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Contrasting domesticated plants and their wild counterparts, it has been shown that defensive chemistry of cultivars
has been drastically reduced as a result of breeding (Gols et al. 2008; Mondolotet al. 2008; Chacén-Fuentes et al.
2015; Whitehead et al. 2017). Meyer et al. (2012) showed that a decrease in plant secondary metabolites is the most
common domestication trait over a period of 7000 years.

Anotherfeature lost by many grain crops in the process of domestication is the capacity to perenniate. Despite
the fact that many of the wild ancestors of several major crops such as maize, rice and sorghum were perennials (i.e.,
Oryza rufipogon and Zea perennis), only annual grain crops dominate the earth since the time of the earliest farmers
(Cox etal. 2002). One hypothesis is that perennial crops are constrained by a vegetative-reproductive tradeoff where
high reproductive allocation and sufficient storage allocation for perennation cannot coexist (Van Tasselet al. 2010).
In other words, it may be possible for artificial selection todrive increases in seedyield in wild, herbaceous
perennial species, but those increases may cause losses in allocation to vegetative and perennating structures,
resulting in a shift from perenniality to annuality (Denison 2012). Some studies have supported such tradeoffs (e.g.,
Gonzélez-Paleo et al. 2016; Vico et al. 2016; Pastor-Pastoret al. 2018). Still, because of the ecological benefits of
cultivating perennials, in recent years there has been an increased interest in developing perennial grain crops (Cox
et al. 2002, 2006; DeHaan et al. 2005; Glover and Reganold 2010; Gonzalez-Paleo and Ravetta 2011; Pimentel et al.
2012; Kantar et al. 2016). Perennial relatives of sunflowers, wheat, rice, and sorghum, and specialty oilseeds are in
the process of domestication, either directly or through hybridization with the annual crop species (Ravetta and
Soriano 1998; Cox et al. 2002).

While the main advantage ofthe perennial habit is soil conservation dueto the reduced need for tillage or
fallow periods in which thesoil is exposed and vulnerable to erosion, the contrasting histories of natural selection
imply that perennial relatives should have evolved more conservative strategies than their annual counterparts at
many levels of organization beyond those involved in overwintering (Pimentel et al. 2012). Plants with structural
and functional traits enabling more conservative use of water and nitrogen and greater defenses could require lower
rates of agricultural inputs and should provide enhanced regulatory services and internal ecosystemregulation
compared to annual crops. There is recent evidence to support this proposal (Pastor-Pastor et al. 2018a; Gonzalez-
Paleo et al. 2019), although there is also evidence that selection for yield may quickly change perennial plants
towards the acquisitive side of the spectrum (Pastor-Pastor et al. 2018b).

New domesticates provide a unique opportunity to understand crop evolution and the transition from
perenniality to annuality undergone by our major grain crops. Within this general framework our objective is to
characterize potential changes in leaf structureand function brought about by domestication of a new perennial
oilseed crop. We use as a model Silphiumintegrifolium (Michaux, Asteraceae, rosinweed or silflower), a perennial
native to Eastern and Central United States. Silflower plants from semi-domesticated populations were larger and
had higher seed production than plants from wild populations growing in the same common garden (Vilela et al.
2018). Seed-yield increased more than biomass during early domestication, meaning that harvest index increased.
Similar changes have been found in annual sunflower (Milla and Matesanz 2017) and other crops after
domestication (Harlan 1973; Zohary 2004), althoughthe changes reported in most previous studies are the
accumulated consequencesof many years of unconscious and conscious s election, compared to what we found with
5 cycles of directed selection. We hypothesize that artificial selection using enhanced seed-yield as criterion during
the domestication of a wild perennial, should rapidly result in leaf structural and functional changes that would
move the plant phenotype, towards the acquisitive end of the leaf economic spectrum, even when the deliberate
selection completely ignores leaf traits.

At the morphological level, we predict that leaves from plants selected for enhanced seed-yield (SD) will be
larger, thinner, and with higher SLA than their wild, unselected counterparts (W). At the anatomical level, we
predict that leaves from SD will have larger mesophyll cells, a trait related to increased surface exposed to
intercellular air space, larger xylem vessels to maintain high stomata conductance and fewer resin ducts,
concomitant to a decrease in the investment of resources to defense secondary metabolites. At the physiological
level, these anatomical changes should resultin higher overall conductance to water and CO2, more CO> uptake, and
more transpiration.
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To testthese predictions, we used the long-lived perennial Silphiumintegrifoliumas our experimental system
and compared in a multi-year field experiment and additional controlled experiments, wild accessions and semi-
domesticated breeding populations developed through five cycles of recurrent selection for increased seeds per
capitulum and other components of seed yield potential.

MATERIALS AND METHODS
Plant material and study site

Silphiumintegrifoliumis an herbaceous, long-lived diploid (2n=2x=14), indigenous to central United
States. A full description of W and SD populations at The Land Institute,as well as the process of breeding has been
published in Vilela et al. (2018). Briefly, Silphiumseed was harvested from wild populations in central KS in 2002.
Selections from the initial evaluation nursery were intermated to produce Cycle 1 plants. Selections from Cycles 1, 2
and 3 were intermated in 2006, 2009 and 2012, respectively. The general method has been to plant spaced-plant
evaluation nurseries, select 20-50 individual plants using information about the performance of each plant’s half
siblings in the second year, dig the selected plants early in the third year and polycross them'in a crossing nursery
(Van Tasselet al. 2014).

Experiment 1: Wild vs Semi-Domesticated

Research plots were located at The Land Institute’s experiment station near Salina, Kansas (38°46'14"N
97°3530" W). Soil types on the research farm include Hord silt loam (fine—silty, mixed, superactive, mesic Cumulic
Haplustolls) and Cozad silt loam (coarse—silty, mixed, superactive, mesic Typic Haplustolls). The location is 370 m
above sea level onthe western fringe of the tallgrass prairie region. Mean annual precipitation in the area is 737 mm,
with an average of approximately one-tenth of that precipitation coming in the form of snow. Rainfall is
concentrated in spring and fall, and extended droughts are common in summer. The mean daily high temperature in
July is 34 <C, the mean nightly low in January is =7 °C, and rapid, wide swings in temperature are common in all
Seasons.

Semi-Domesticated genotypes:One hundred and twenty plants from a breeding nursery were identified for
their good establishment and approximately equal representation from several half sib families. The breeding
nursery was established in the field in late May 2015 by transplanting approximately 1500, 8-week-old seedlings.
Spacing was 1Im within in rows spaced 2 m apart suchas to avoid competition. Transplants received additional water
(aprox. 0.5 I per plants) at the time of transplanting, with no additional irrigation other than rainfall. Weeds were
controlled using mechanical tillage and hand pulling. No fertilizer was applied until the spring of 2018 when urea
was broadcast in early May (56 kg/ha) in 2018 and 2019 becausethe grass and Silphiumappeared nitrogen limited.
Wild genotypes:individual plants from nearby germplasm evaluation plots (820 plants total) were used for
comparison. These plots were of a similar age and managed similarly to the main experimental plot. The seeds used
to establish these plots were collected in 2013 from 12 estates, butonly those wild populations coming from Kansas
were used for Experiment 1 (see complete list of populations in S1 of Vilela et al. 2018).

Experiment 2: Cloned genotypes

Eight genotypes from SD plants from Experiment 1 were selected, four having the highest Net CO. uptake
and four from the lowest Net CO, uptake rates. These eight genotypes were cloned. To generate these clonal
individuals, the dormant mother plants were dug up in early March 2019 and the crown and basal roots divided into
5-6 pieces. These pieces were planted in pots and grown in an unheated greenhouse in 4-gallon pots. At the time of
measurements, 4 months after transplanting, these individuals were bolting.

Details of experiments, Silphiumintegrifoliumaccessions, measurements, etc., can be graphically
visualized in Suppl. Fig. S1

Measurements
Gas exchange
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Gas exchange was measured on all plants in Experiment 1 usinga LICOR LI -6800 Portable
Photosynthesis system. On each of more than 100 SD plants,and 20 individual plants from W accessions,
instantaneous gas-exchange was measured on 3 leaves and averaged for a single value per plant, for each variable:
CO2 uptake (A); transpiration rate (E); internal CO2 concentration (Ci), and stomatal conductance (gs).
Measurements were taken around noon (11:00 to 14:30) on fully expanded leaves, and exposed to full sun,and on
two or three consecutive dates (to accommodate all measurements). Measurements were taken in 2016, 2017, and
2018 on the same plants twice each year, during bolting and flowering stages (6-7-8 May 2017 and 11-12 June
2017; 17 May 2018 and 12 -13 June 2018). After a first year of gas exchange data collection, 8 individual plants
Semi-Domesticated were chosen: four for their high Net CO> uptake (High A, top 8% of the population) and four for
their low Net CO; uptake (Low A, bottom 8% of the population).

High A and Low A plants were selected for further characterization of gas exchange. Daily integrated CO>
uptake (Aintegrated) @and transpiration (Eintegrated) Was estimated both in 2017 (12 May) and 2018 (21 June). Gas
exchange was measured 7 times, on 8 leaves per plant from sunrise to sunset to develop a daily march of CO> uptake
and water loss. The instantaneous values were then integrated to estimate daily and morning (sunrise to 1PM) totals
of Alintegrated and Eintegrated.

Internal CO> concentration (Ci) curves and fluorimetry

To quantify biochemical processes limiting photosynthesis, A/Ci curves were generated (Farquhar et al.
1980) for High A and Low A plants in BExperiment 1, in 2018 and 2019. From these curves 7 parameters were
estimated: ribulose bis-phosphate carboxylation capacity (\c), electron transportrate (J), triose phosphate utilization
(TPU), carbon compensation point (I'), and degree of stomatal limitation (Ls), CO2> compensation point (Rq), and
mesophyll conductance (gm). These parameters were estimated following Sharkey et al. (2007) and using the
calculator available at Sharkey 2016). These parameters were estimated using A at external CO2 concentrations (Ca)
=400, 300, 200, 100, 50, 10, 400, 400, 600, 800, 1000, 1200, and 1500 ppm (Long and Bernacchi 2003). These
measurements were taken on June 29, 2018 when plants were at the early flowering stage, in Salina, Kansas. On
each plant, curves were generated using the average instantaneous gas exchange of three leaves per plant. Measured
plants were growing in the field. Measurements were done, between 10:30 am and 3:00 pm, under controlled
chamber conditions of 2000 umol CO2 2 s PPFD and 50% humidity. Leaf chamber temperature was 27°C.

On May 22, 2019, a new setof A/Ci curves was generated using clonal individuals in the Experiment 2.

Leaf morphology

Fresh leaf thickness was measured using a Mitutoyo Digital Thickness Gage 547-30 (3 repetitions/plant) in
SD and W genotypes in Experiment 1. Individual leaves (3 repetitions/plant) were harvested, and immediately
transported into the lab in sealed plastic bags. The position of the harvested leaves was the same in every plant: the
last completely expanded leaf and the ones immediately below. Leaves were weighed, scanned for the
determination of leaf area, oven-dried at 40°C for 72 h and weighed. Specific Leaf Area was estimated as the
relationship between individual leaf area (cm?) and weight (g). Individual leaf values of thickness, leaf area, leaf
weight, and SLA were then averaged for the three leaves per plant.

Leaf anatomy

The anatomy of SD (High- and Low-A) and W Silphiumintegrifolium leaves of Experiment 1was
compared by digitally measuring traits from scans oftransverse sections. Three young, fully expanded leaves per
plant (10 reps/group High and Low A) were fixed in FAA (formaldehyde: 96% ethyl alcohol:glacial acetic
acid:water, 2:10:1:7, by vol.) and sentto the Kansas State Veterinary Diagnostic Laboratory, Manhattan, KS to be
prepared, sectioned and stained.

Digital slides were stored at Case Center slide management system (3DHISTECH, the Digital Pathology
Company https://www.3dhistech.com/CaseCenter). InstantViewer, a multiplatform slide viewer application was
used to measure anatomical traits. Measured traits included: mesophyll density (number of cells per 20,000 pm?),
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mesophyll cell area (um?), mesophyll cell perimeter (um), mesophyllair space (% of total mesophyll area), xylem
vesselarea (um?), resin ducts area (% of cross section area), resin ducts number (number per unit area), palisade
mesophyll (%), spongy mesophyll (%) vasculartissue (%), and collenchyma (%)

Leaf chemistry

Leaves from SD and W genotypes in Experiment 1 were oven-dried at 40°C for 72 h and ground to fine
powder. Two g of dry, grounded leaf-biomass (each sample was a pool of 5 plants; 3 reps per SD and W genotype)
were extracted with methylene chloride (DCM; CH2Clz; Sigma Aldrich, St. Louis, MO, USA) in a Soxhlet
apparatus, for 6 h. Extracts were evaporated with a rotary evaporatoruntil dryness,and weighed. DCM extracts were
expressed as g of extract per g of dry leaf. Leaf nitrogen was measured using the standard Kjeldahl acid digestion
method (Scales and Harrison 1920).

Statistical analysis

Student’s t-tests were used to compare leaf morphological and anatomical traits, chemical composition and
gas exchange traits between W and SD plants and between high- and low- A groups within the SD plants. A two-
dimensional radar chart (Fig.1) was used to compare multiple traits of W and SD. The value of each trait is depicted
by the node onthe axis. All the variables are connected to form a polygon. The Z-score for each trait is a number
that shows how many standard deviations the trait is above/belowmean value (average of 120 SD plants; 20 W
plants). A two-way analysis of variance (plant group and year/stage) was carried outto determine differences in gas
exchange and anatomical traits. Interactions were analyzed. Data are expressed as mean +* standard error.

To investigate the relationships between gas exchange and anatomical traits we performed simple least
squares regressions analysis. To check for datanormality, we used Shapiro—Wilk’s test and Levene’s test for
homogeneity of variance. Transformations (In) were applied to water use efficiency (WUE, pmol CO2 mmol H,O1),
whole leaf transpiration (Eiear, pmol leaf? s-1), Ci and AREA to satisfy the assumptions of ANOVA and regression
analysis. Statistical analyses were done using InfoStat Software, version 2014, Universidad Nacional de Cdrdoba,
Argentina.

RESULTS
Comparison of Semi-Domesticated s Wild plants

Significant changes were found between morphological and physiological traits of leaves from W and SD
plants. The results are presented visually as radar charts to facilitate the comparison of groups along multiple
dimensions (Fig. 1). Leaves of SD plants had more than double the area (T =7.72, P < 0.01), decreased thickness (T
=—4.08, P<0.01), andincreased weight (T = 10.81, P < 0.01), compared to those of W plants. SLA did not differ
between groups (T =-1.63, P =0.32).

Stomatal conductance was higher in W than SD plants (T = —6.79, P < 0.01), with a concomitant difference
in transpiration; (T= —11.5, P < 0.01). Net CO; uptake (Aarea, imol m?2 s-1)(T = 3.67, P < 0.01) was around 10%
higher in SD than W plants. To achieve this higher Aarea [umol leaf! s-1]with lower gs,SD plants required a lower
internal CO2 concentration (T = —3.43, P < 0.01; Fig. 1). Because of the combined effect of higher Aaeaand larger
leaves, total Net CO. uptake per leaf of SD plants doubled that of W plants (Ajear, umol leaf? s-1: T =5.72, P < 0.01).
Whole leaf transpiration (Eieaf) Was 25% higher in SD thanin W plants (T = 3.24, P < 0.01).

Leaves of SD plants had higher nitrogen concentration (25.4 mg g-* and 10.9 mg g for SD and W,
respectively, T = 3.41, P =0.0022) and total nitrogen content per leaf than those of wild plants (2.8 mg leaf! and
16.7 mg leaf! for W and SD, respectively). Resin content in the leaves was significantly higher in W than SD
accessions (8.8 £ 1.1 and 6.1 + 0.8 for W and SD accessions, respectively; T = 2.13, P = 0.04).
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Fig.1 Leaf morphological and gas exchange traits of wild and semi-domesticated (SD) accessions Silphium
integrifoliumgrown in a common garden in Salina, Kansas (Experiment 1). The figure is based on Z-scores for the
following traits: individual leaf area (Area), leaf dry weight (Dry Weight), leaf thickness (Thickness), specific leaf
area (SLA), net CO> assimilation rate per area (A), transpiration (E), water use efficiency (WUE), stomatal
conductance (Gs), internal CO2 concentration (Ci), net CO2 uptake of the whole leaf (Aleaf). Transpiration of a
whole leaf (Eleaf), Net CO. uptake per unit leaf weight (Amass). Significant differences were found for all
variables (** P<0.01), except for SLA and Amass. (n = 120 and 20, for SD and W accessions, respectively).

Extreme gas exchange phenotypes

Because a large range in Net CO, uptake and other gas exchange variables was found among the 120
individuals growing in the field, the 4 highest (High A, 8% of the population), and 4 lowest A plants (Low A, 8% of
the population) were chosen for further measurements and analysis. These two groups of plants did not differ in
seed-yield (P = 0.91; Yield =57.6 + 27.3 g seed per plant and 47.0 + 11.3 g seed per plant, for High Aand Low A
plants, respectively; average of 2016 and 2017 harvests).

The differences in Net CO. uptake between the two groups was consistent between years and phenological
stage of the plant. These differences between High A and Low A plants were also found in E, and gs, and marginally
in Ci, and nitrogen content (Table 1). No interaction between year/stage and photosynthesis group (High A and Low
A) was found for any of the variables (P > 0.29 to 0.89 for all four variables).

Table 1 Instantaneous COz uptake (A), transpiration rate (E), stomatal conductance (gs), internal CO2 concentration
(Ci), leaf N concentration, daily integrated net CO> uptake (Aintegrated) and transpiration (Eintegrated) for individual
plants of High A and Low A. Measurements were taken on ten plants per group (and three leaves per plant) twice
(bolting and flowering stages)in 2017 and twice in 2018. No interaction was found between photosynthesis group
(High A and Low A) and year/season (P>0.3 for all variables), so the data were pooled for each group. Integrated
values were measured in ten plants per group when plants were initiating bolting. Differences between years are not
reported. No significant interaction was found between year and plant group.

Trait High A Low A T P

A [pmol m2 s1] 25.6 +0.62 17.5 +0.67 1.19 <0.0001
E [mmol n2 s1] 0.011 + 8.1E04 0.006 + 8.3 E04 1.23 0.0023
gs [mmol m2 s-1] 0.46 +0.04 0.27 £0.03 0.91 <0.0001

Ci [ppm CO] 270 + 7.96 250 + 8.56 36 0.105
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Leaf N concentration [%d.w] 133 £0.13 1.68 £0.12 -1.98 0.069
Alintegrated [M0] cn72 day 1] 0.87 £0.04 0.63 +£0.06 11.58 <0.01
Eintegrated [0l i day-] 236 +25 182 + 13 6.41 <005

Individuals of the High A and Low A groups also differed in thetime-course of daily CO2 uptake, but not
in E (Fig. 2). During the course of the day, A was higher for the High A group between sunriseand 13:00 h (T =
6.37, P =0.0003 for Aintegrated) When stomatal conductance was also higher (T =—-25.75; P < 0.0001, for gsaveraged
from sunrise to 13:00), butnotE (T = 2.45; P < 0.13). Neither A, E, gsor Ci differed between High A and Low A
plants after 1 PM. Because of the higher instantaneous CO> uptake during the morning hours, plants in the High A
group had more total daily Aintegraedand totaldaily Eintegrated thanthose inthe Low A group (Table 1).
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Fig. 2 Daily course of Net CO> uptake (a) and transpiration (b) for High A and Low A individual

plants. Measurements were done on May12, 2017, when plants started bolting. Black dots =High

A; White dots=Low A. Each point corresponds to 3 plants per group (8 leaves per plant). Values are means +
standard error.

AJ/Ci curwes: Biochemical traits limiting photosynthesis

High A and Low A plants grown in the field showed differences in the A/Ci response curves. High A plants
had higher Net CO2 uptake over the entire range of external CO» availability, from 100 to 1200 ppm (Fig. 3a).

Further response curves were generated using clonal individuals of High A and Low A (Experiment 2; Fig.
3b). Visual inspection of these curves indicated triose phosphate utilization (TPU) limitation at high CO2 levels.
Vemax, J, and TPU, and gm were significantly higher in High A thanin Low A clones. There was a significant trend
of stomatal limitation (Ls, Table 2) with Low A plants being more limited than High A plants. Carbon compensation
point (') did not differ between High A and Low A plants (Table 2). A linear significant relationship was found
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between VcMax and Jmax for High A clones, although this relationship was not apparent for the Low A plants when

the two groups were analyzed separately (Fig. 4a and 4b).
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Fig. 3 A/Ci curves for High A (black markers) and Low A (white markers) plants of Silphiumintegrifolium growing
in a in the field in Salina Kansas,on May 18, 2018 (n= 3 per group, Experiment 1) and b clones in the greenhouse

(n = 4 per group; Bxperiment 2).
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Table 2 Maximum RuBP carboxylation capacity (Vcmax), electron transport rate (J), triose phosphate utilization

11

(TPU), day respiration (Rd), mesophyll conductance (gm), stomatal limitation (Ls) and carbon compensation point

("), calculated for two groups of Silphiumintegrifolium plants: Cloned genotypes with stably High and Low
Assimilation rate (High A and Low A; BExperiment 2). Individual potted clones of each genotype were treated as

subsamples. Means + SE, n=4

Trait High A clones Low A clones T P
Vemax [umol m2 s1CO; | 176.4 +13.9 120.7 + 7.5 325  0.0140
J [umol CO, m2 571 2316 +15.7 156.7 + 2.7 469  0.0094
TPU [umol CO, m2 5] 164 +1.2 104 +0.2 489 0.0081
Rd [umol m? s1] 5.6 + 0.4 40+ 06 215  0.0686
gm [umol m? s Pal] 36+05 1.2 +0.2 409  0.0046
Ls [%] 25 +2 2 +4 -1.89  0.1007
" [umol mol?] 65.6 +2.7 722 +4.3 -1.38  0.209

11
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Fig. 4 a Relationship between the maximum rate of carboxylation (Vmmax) and electron transport (Jrex) for High A
(black markers) and Low A (white markers) clones of Silphiumintegrifolium,grown in a greenhouse (Experiment

2). Vemex and Jrax Were estimated from A/Ci curves (Fig. 3b) following Sharkey et al. (2007) and using the
calculator available at (https://onlinelibrary.wiley.com/page/journal/13653040/ho mepage/pce_calculator_2016.htm:
Sharkey 2016) . b Relationship between the maximum rate of carboxylation (Vmmax) and electron transport (Jmax) for
High A and Low A clones of Silphiumanalyzed together

Leaf anatomy

Selection did not affect the relative allocation to leaf tissues, since the proportion of palisade and spongy
mesophyll, collenchyma and vascular tissues was similar in W and SD, but it increased the epidermis thickness
(Table 3) as well as the size of cells within the palisade mesophyll (Table 3; Fig. 5 b-d). Allocation to defense
structures decreased: not only the number of resin ducts per area diminished butalso the area of the ducts (Table 3
and Fig. 5a). Interestingly, the proportion of air space of the mesophyll was the only anatomical trait in which High-
and Low-A plants significantly differ, and this trait was positively related to CO2 uptake (Fig. 6a). The size of the

12
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xylem vessels increased from wild to High A plants (Table 3). The leaves of SD plants had a thicker epidermis than

those of W plants; epidermis thickness was correlated with transpiration rate (E; Fig. 6b).

Table 3 Comparison of anatomical traits of semi-domesticated (SD) and wild (W) accessions of Silphium

integrifoliumgrowing at The Land Institute, Salina, KS. Mesophylldensity was measured as the number of cells per

13

20,000 pm2; mesophyll air space was measured as the proportion of air in an area of 20,000um?; vascular tissues,
palisade and spongy mesophyll (%) was measured as the proportion of these tissues in the leaf cross section.

Means + SE, n=10

Semi-Domesticated (SD)

Anatomical traits SDHigh A SDLow A Wild F daf P

Epidermis thickness [pum] 29.7 £1.8 294 +2.8P 21.7 £0.8° 694 14 <0.01
Mesophylldensity [cells per area] 16.7 £0.952 17.0 £0.922 214 +1.4b 567 14 0.02
Mesophyllcell area [un?] 1101.7 +93.0P 1073.2 £ 115.8° 4935 + 62.92 1492 17 <0.01
Mesophyllcell perimeter [um] 153.9 + 6.4 152.0 + 7.5 92.1 +55? 3065 17 <0.01
Mesophyll Air space [%] 27.7 +1.80° 12.2 +1.642 241 +2.9 1207 14 <0.01
Xylem vesselarea [pm?] 1112.7 + 40.5P 936.6 + 130.0% 7225 +56.12 6.65 14 <0.01
Resin ducts area [um?] 424.0 + 149.42 636.8 + 165.7% 1301.3 +280.3° 475 14 003
Resin ducts [n per area] 1.83 +0.65% 1.60 +0.5% 7.00 +0.9° 1890 14 <0.01
Palisade mesophyll [%] 245 +3.472 219 +2.6° 29.2 £1.5° 187 14 019
Spongy mesophyll [%] 321 +43° 374 +38° 34.8 +3.22 047 14 063
Vascular tissues [%] 115 £1.07 8.83 £0.5% 103 +£1.8 108 14 037
Collenchyma [%] 19.7 +3.22 19.8 +3.82 151 £1.8 08 14 045

13
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DISCUSSION

The domestication syndrome includes many traits that made plants easier to cultivate, harvest, and use by
humans. These changes occurred both at very early stages ofunconscious plant domestication (Zohary 2004) and
later with conscious, directed selection and breeding focused on a few beneficial traits. Recently, the comparison of
wild and domesticated plants has been used to understand the domestication process, especially the way they acquire
carbon through photosynthesis, although very few studies report anatomical and p hysiological traits combined (Muir
et al. 2016, foran example in tomato).

Most the other studies that focus on the effects of domestication on plant function, use broad phylogenetic
scales and proxies suchas SLA, to characterize leaf responses to domestication (Milla et al. 2014) or to evolution in
general (Donovan et al. 2011). Enhanced competitive ability (using SLA and leaf dry matter content as proxies) has
been found during early domestication but not necessarily in later stages (Milla et al. 2014), althoughthere has been
a general lack of increase in area-based photosynthesis (Evans 1993; Milla and Matesanz2017).

New domesticates, such as Silphiumintegrifolium, offer the rare chance to study early domestication using
conscious selection and breeding, combining processes that might have occurred sequentially in the development of
our current grain and oil-seed crops. Rapid evolution experiments that manipulate directed and natural selection (in
our case conscious and unconscious selection) have been proposed as a way to test the importance of diverse drivers
on domestication (Milla el at. 2015). Furthermore, working with wild perennial relatives can help understand early
domestication, since several of the ancestors of our current crops were perennial and lost perenniality during
domestication.

In our study, we found changes in leaf structure, anatomy and physiology after only five cycles of selection
(with seed-yield as the main selection criteria). Structural and functional traits were changed towards the acquisitive
side of the leaf economic spectrum (Wright et al. 2004). Leaves of SD plants were larger, heavier but thinner, larger
mesophyll cells, higher mesophyll conductance, had more nitrogen, higher net CO2 uptake, higher whole-leaf
transpiration, less resin, and fewer resin ducts, than their W progenitors. Contrary to what was expected and
previously reported in several crops (Milla et al. 2013) leaves of SD plants had lower stomatal conductance and
internal CO2 concentration, which allowed for higher water use efficiency. These reductions in gsand Ci in SD
plants might be the consequence ofselection occurring in a drier environment than that of the original mother wild
populations, which may have promoted higher water use efficiency. Still, because of the larger size, whole leaves
transpired 25% more water than those of the W plants.

The increase in leaf size and lack of changein SLA, is in line with previous findings that have shown there
is no consistent pattern of change in SLA underdomestication (Gonzélez et al. 1995; Wacker et al. 2002; Pujol et al.
2008) while it is clear that most anatomical and physiological differences observed between W and SD show
inadvertent selection towards the high resource-use end of the economic leaf spectrum (Wright et al. 2004). Garcia-
Palacios et al. (2013) suggested that this lack of change in SLA during domestication is because the wild relatives of
domesticated plants were already high-resource strategists. Muir et al. (2016) offered a different explanation:
populations with similar SLA might nevertheless have different CO- diffusion rates due to leaf anatomical
differences. Thus, changes in CO2 assimilation might be consistent with the predictions of the leaf economic
spectrummodel, even though predictions about changes in SLA during domestication have failed. We found many
differences in leaf anatomy between leaves of W and SD plants that support Muir et al “s (2016) hypothesis.

The reduction in resin production and resin ducts is other significant change found that might be interpreted
as a shift from producing long-lasting, well-defended leaves towards producing leaves lower in construction costs
per unit leaf area. This shift would represent a more acquisitive strategy, enabling a plant to capture more radiation
by producing larger butcheaper leaves. Loss of defenses have been repeatedly found during domestication (Wink
1988; Turcotte et al. 2014). In fact, although the cause has yet to be established, some SD accessions of Silphium
with low resin and high nitrogen content were more susceptible to rustinfection, and this infection promoted resin
production (Turner et al. 2018). The reduction in carbon based secondary metabolites appear to be more related to
changesin C:N ratios as found in other Asteraceae (Zavala and Ravetta 2001, 2002) thanto a reduction in selective
pressure, since populations of both pests and pathogens appearto have increased for cultivated Silphiumin these
large scale plots with no artificial pestcontrol (Murrell, unpublished data).

16
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In our study we found that selection for domestication traits provoked a coordinated change in anatomical
and physiological traits, as found recently in other perennial plants undergoing development as oilseed crops
(Gonzalez-Paleo and Ravetta 2015). To be able to increase CO2 uptake with lower stomatal conductance, leaves of
SD plants have lower internal CO2 concentration. Once the CO2 reaches the substomatal cavity, it has to diffuse to
the inside of mesophyll cells and chloroplasts. Mesophyllconductance (gm) is used as an estimate of the internal
CO; diffusion. Because mesophyll conductance is inherently constrained by leaf structure (Niinemets et al. 2006),
the surface area of the mesophyll exposed to intercellular spaces should be maximized, to increase the area for CO»
dissolution and the effective pathway for CO; diffusion and thereby, photosynthesis (Terashima et al. 2006, 2011).
SD plants had a less dense mesophyll, larger mesophyll cells and more air space (Table 3), which might be
conducive to an increased gm. We found a strong relationship between mesophyll air space and net CO, assimilation
(Fig. 6a), which supports the ideathat gm changed during selection togetherwith Net CO> uptake. Additionally,
xylem vesselarea also increased with selection (Table 3) showing additional linkage between traits, since higher gs
means the potential of a higher transpiration rate and the need of more reliable water supply to the stomata cavity.
Togetherwith these changes we found a significant increase of the thickness of the epidermis brought about by
selection for seed-yield.

Aurtificial selection seems to have taken two different routes to supportyield increase: one of high net CO»
uptake (High A group) and one of low net CO, uptake (Low A group). These differences were consistent for 3 years
of field evaluation, and after that, when these plants were cloned for further study undercontrolled conditions.
Although we were not surprised to find many examples of weak or low-yielding individuals with reduced
photosynthetic capacity, the Low A group was vigorous and yielded as much as the High A group.High A and Low
A plants differed notonly in instantaneous net CO; uptake, also had lower E, gsand Ci. Over the course of the day,
High A plants had higher morning CO uptake, and higher daily integrated uptake (Aintegrated and Eintegrated). Both
groups had undergone similar changes in leaf anatomy that make them different to leaves of the wild genotype, but
differed strongly in mesophyll air space, in gm, in gs, and in stomatal limitation. The differences found between High
A and Low A plants opens the possibility to select plants with reproductive traits similar to those of acquisitive
annual crop yet with some leaf traits unchanged from the conservative wild ancestor(i.e., “low” A)resulting in a
more intermediate position on the leaf economic spectrumthan is typical for domesticated crops

Phenotypic integration has been documented to occur in situations of environmental stress (Schlichting
1989). Hot summers, with the unpredictable drought conditions of central Kansas, could have provided the selection
pressure to develop the coordinated changes in leaf anatomy, morphology and function found in our study. High-A
plants, with a more acquisitive leaf strategy, should be able to achieve higher yields at the cost of higher
requirements of resources: higher nitrogen contentand transpiration rate, mean more N and more water uptake from
the soil. Yield-stability might also be weakened by these changes in leaf structure and function (and growth) since
acquisitive plants tend to depend more on current resource availability than more conservative types (Low A group
with lower N contentand transpiration rate). These findings point to the need to understand growth responses of
perennials to fluctuating resource availability, and the influence of carbon and nitrogen storage in maintaining
perenniality. Under water limiting conditions a High-A plant could potentially use carbohydrate reserves to buffer
lowered CO; uptake, while replenishing reserves during high water availability. On the other hand,a Low A plant
would maintain lower but steady rates of CO uptake, with a more conservative use of water stored in the soil
throughout the season. These contrasting strategies need to be coupled with root structure and function; Silphiumhas
deep roots, but the extent of their functionality needs yetto be determined, as well as potential changes produced by
selection for yield. Preliminary data showroot differences at leastin seedlings (Gonzalez Paleo and Ravetta,
unpublished). Also, the use and recharge of carbohydrate reserves might impact perenniality, with reduced reserves
also reducing longevity as found in other perennial oil-seed crops (Gonzalez-Paleo and Ravetta 2015) and biomass
crops such as alfalfa (Castafiedaet al. 2019).

Given the increased water use efficiency (WUE) enabled by the anatomical changes described above, it is
notsurprising to find thatsome individuals perform high rates of A under different conditions, a strategy enabled by,
and requiring, high stomatal conductance. It is easy to imagine that selection for increased yield drove the changes
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resulting in this acquisitive strategy, manifested by the High-A group. Finding an explanation for the Low A strategy
is not as straightforward as the acquisitive strategy.

CONCLUSIONS

Selection for increased yield during the early stages of domestication can result in rapid changes in leaf morphology,
anatomy and gas exchange that move plant strategy towards the acquisitive end of the leaf economic spectrum.
Starting from wild populations of Silphiumintegrifolium,5 cycles of recurrent selection for seed yield components
and no conscious selection for vegetative traits produced plants with significantly larger, thinner leaves with bigger
palisade mesophyll cells and metaxylem vessels, presumably facilitating light capture and water supply.

An unexpected finding was that semi-domesticated plants showed contrasting physiological differences stable over
the course of plant development and two growing seasons. One group (High A) represents the expected transition to
amore acquisitive leaf strategy, while another group (Low A) had less net CO> uptake, buta more conservative
strategy of water use. Overall, these changes should have consequences forboth provision (i.e., seed-yield) and
regulatory (i.e., sustainability) ecosystemservices. The existence of different photosynthetic strategies opens the
possibility to select high yielding crops thatdo notincrease drastically the use of resources. A crop intentionally
selected for conservative or intermediate leaf traits could provide economic and food benefits with fewer negative
effects on yield stability.
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FIGURE LEGENDS

Fig. 1 Leaf morphological and gas exchange traits of wild and semi-domesticated (SD) accessions Silphium
integrifoliumgrown in a common garden in Salina, Kansas (Experiment 1). The figure is based on Z-scores for the
following traits: individual leaf area (Area), leaf dry weight (Dry Weight), leaf thickness (Thickness), specific leaf
area (SLA), net CO> assimilation rate per area (A), transpiration (E), water use efficiency (WUE), stomatal
conductance (Gs), internal CO2 concentration (Ci), net CO2 uptake of the whole leaf (Aleaf). Transpiration of a
whole leaf (Eleaf), Net CO. uptake per unit leaf weight (Amass). Significant differences were found for all
variables (** P<0.01), except for SLA and Amass. (n = 120 and 20, for SD and wild accessions, respectively).

Fig. 2 Daily course of Net CO2 uptake (a) and transpiration (b) for High A and Low A individual

plants. Measurements were done on May12, 2017, when plants started bolting. Black dots =High

A; White dots=Low A. Each point corresponds to 3 plants per group (8 leaves per plant). Values are means +
standard error

Fig. 3 A/Ci curves for High A (black markers) and Low A (white markers) plants of Silphiumintegrifolium growing
in a in the field in Salina Kansas,on May 18, 2018 (n= 3 per group, BExperiment 1) and b clones in the greenhouse
(n = 4 per group; BExperiment 2)

Fig. 4 a Relationship between the maximum rate of carboxylation (Vmmx) and electron transport (Jmax) for High A
(black markers) and Low A (white markers) clones of Silphiumintegrifolium, grown in a greenhouse (Experiment
2). Vemex and Jmax Were estimated from A/Ci curves (Fig. 3b) following Sharkey et al. (2007) and using the
calculator available at (https://onlinelibrary.wiley.com/page/journal/13653040/ho mepage/pce_calculator_2016.htm:
Sharkey 2016). b Relationship between the maximum rate of carboxylation (Vmmax) and electron transport (Jmax) for
High A and Low A clones of Silphiumanalyzed together

Fig. 5 Leaf cross-section ofwild (a-b) and semi-domesticated plants (c-d) showing resin ducts (a), palisade
mesophyll (b) and metaxylem vessels (c). Notice the increase in size of the mesophyll cells in high-A plants (d)
compared to wild (b). All pictures are taken at the same scale

Fig. 6 Relationship between anatomical traits and gas exchange of leaves of Silphiumintegrifoliumgrown in the
field in Salina, Kansas (Experiment 1). a Air space in the mesophyll and net CO2 assimilation rate per unit area
(Aarea). b Epidermis thickness and transpiration rate (E). White markers are individual plants of high-A plants, grey
markers correspond to Low A plants, and black markers to wild plants. n=6 for High A and W plants up and 5 for
Low
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