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Abstract

Plant-soil biological interactions are increasingly recognized as a key feature of agroecosys-

tems, promoting both crop and soil health. However, the effectiveness of plant-soil synergies

is likely modulated by both root system characteristics and soil management impacts on soil

biological communities. To successfully manage for plant-soil interactions, we need to better

understand how crops respond to changes in soil management, especially in terms of below-

ground investment. Specifically, crop genotypes that exhibit reduced plasticity in root growth

and investment may not be able to take full advantage of changes in soil biological activity

associated with soil health promoting practices. We hypothesized that genotypes with greater

belowground investment respond more, in terms of plant growth and crop nitrogen (N) uptake,

to compost and earthworm additions, agronomic factors commonly associated with soil

health. We evaluated four spring wheat (Triticum aestivum) genotypes with distinct breeding

and environmental histories, and one progenitor of wheat (Aegilops tauschii) under low soil

fertility conditions in the greenhouse for differences in belowground root biomass and archi-

tecture. We then determined how these belowground traits influenced genotype response to

additions of compost and earthworms. Measurements included plant growth, biomass, grain

yield, root characteristics, plant N uptake, and soil N. Overall, in unamended soils, genotypes

differed in above and belowground phenotypic traits. In general, Ae. tauschii had three times

greater root: shoot (R:S) ratio, root length, and root biomass relative to wheat genotypes. We

found that genotypes with higher R:S ratios responded more positively to compost additions

compared to those with lower R:S ratios, particularly in terms of plant aboveground biomass,

N uptake and soil N-cycling, and also exhibited greater plasticity in root morphology. Conse-

quently, while higher R:S genotypes had relatively poorer yields in unamended soils, they out-

performed lower R:S genotypes in total seed weight under compost treatments. Our findings

suggest that genotypes with greater belowground investment may be better able to take

advantage of soil health promoting practices, such as the use of organic amendments. These

results highlight the need to consider soil management practices (and associated biological

communities) in parallel with root phenotypic plasticity when evaluating wheat lines for

improvements in plant-soil synergies.
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1. Introduction

Soil organisms regulate many belowground functions that benefit plants, including organic

matter decomposition, nutrient transformations, maintenance and formation of soil structure,

and biocontrol of soil-borne plant pathogens [1]. In turn, plants provide primary substrates

for supporting an active and diverse soil food web via organic inputs (e.g. roots, aboveground

residues, and root exudates) [2,3,4]. Such plant-soil feedbacks have received considerable

attention in recent years and are thought to hold immense potential for improving agricultural

sustainability and resilience [5,6,7,8]. In particular, greater belowground carbon (C) allocation

and root traits such as root length and diameter, are key factors modulating plant-soil interac-

tions that influence nutrient cycling and other fundamental soil processes [7]. In cropping sys-

tems that depend on organic nutrient sources (e.g., compost, manure, cover crops), these

rhizosphere biological interactions are especially important, as crop nutrient availability relies

largely on the soil biological community and its activity [9].

The challenge is that crop species and even genotypes have distinct rooting systems, affect-

ing the ability of crops to facilitate plant-soil interactions [10,11]. Moreover, it is unclear how

root phenotypic differences interact with changes in soil management. Plant root systems are

recognized as a major selective force on soil biological communities [12,13,14,15], and thus

selecting genotypes with greater root inputs may offer a feasible approach for developing crop-

ping systems that can enhance beneficial plant-soil interactions [7].

In response to widespread concern over detrimental impacts of intensive, high-input agri-

culture on soil health and climate change, e.g. [16,17], soil health promoting agricultural prac-

tices are on the rise globally [18,19, 20]. However, missing from these efforts is the

development of crop genotypes with appropriate root traits that encourage crop-soil synergies

and support processes such as biologically mediated nutrient availability [14, 21, 22]. Though

significant crop genotypic advances have been made on disease resistance and effective use of

resources, few have specifically targeted belowground phenotypic traits that support plant-soil

interactions [22]. The onset of intensive agriculture in the last century coincided with breeding

efforts focused on producing high-yielding genotypes under high mineral nitrogen (N) condi-

tions [22, 23, 24]. Moreover, intensive agricultural practices (e.g. frequent application of pesti-

cides, inorganic fertilizers and tillage) can negatively impact soil biological communities and

potentially lead to a decoupling of plant and soil communities [25]. Thus, even if genotypes

exhibit enhanced root allocation, the soil microbes and fauna that constitute the other half of

these interactions, may still be inhibited by the agricultural practices in place.

Rhizosphere interactions can easily be disrupted or promoted, as microbes and fauna are

highly sensitive to nutrient and other abiotic modifications resulting from management inter-

ventions such as tillage, fertilization or organic amendments [11, 26, 27, 28]. Several soil health

promoting practices are well known to enhance soil biological activity and thus promote N

mineralization of organic resources. Mineralization of organic matter inputs can be a signifi-

cant source of plant available mineral N across a diversity of cropping systems and is especially

important in organic and low input systems [29]. Low C:N compost or manure amendments

often stimulate soil biological activity [30], and this can improve a range of soil physical prop-

erties [31], increase gross N mineralization, and enhance root growth [32]. Similarly, higher

abundances of certain soil fauna, such as earthworms, can improve soil structure and aggrega-

tion [33], as well as increase plant N availability, either directly through organic matter and

residue turnover [34, 35] or through stimulation of the microbial community [36]. However,

genotypes bred primarily for yield traits may not be able to benefit fully from these practices

that enhance biologically-mediated N cycling if belowground C allocation is subsequently

reduced, limiting interactions with key soil organisms [37]. Thus, to improve the benefits of
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soil health promoting practices, such as the use of organic amendments, there is a need to eval-

uate crop phenotypic plasticity along with changes in belowground biological activities and

the soil environment.

A comparison of diverse crop genotypes that includes recently released genotypes, landra-

ces, and wild accessions could serve as a useful framework for examining these interactions

between phenotypic variability and soil health improvements [37]. Based on co-occurring his-

torical changes in breeding environments and objectives, a gradient in belowground C alloca-

tion may exist along a domestication continuum, effecting rhizosphere interactions [38,39,40].

Several studies have now demonstrated that ancestral and early crop landraces exhibit greater

mycorrhizal dependencies and responses compared to modern varieties [41,42,43,44]. One

hypothesis for this is that crops genetically more similar to their wild ancestors, or selected for

under systems more similar to natural environments, may have maintained traits such as

greater root length or root: shoot (R:S) ratios, to facilitate plant-soil feedbacks [6,39,42].

Wheat, representing about 20% of the human food supply [45], has a long history of human

selection and intentional breeding and thus is a relevant crop species for comparisons of geno-

types, especially across a historical breeding gradient. Following the hybridization of the wild

diploid species Aegilops tauschii with primitive tetraploid wheat (Triticum dicoccoides) to form

hexaploid bread wheat, early farmers developed landraces specific to local agroecosystem con-

ditions. As food demand increased, selection activities were followed to obtain genotypes with

high yield potential and tolerance to diseases, potentially affecting root biomass allocation and

morphology [23,38,46]. Indeed, evidence of wheat domestication effects on root systems has

previously been shown for root exudate profiles, architecture and biomass [38,47,48].

Here we examine how spring wheat genotypes representing varied breeding histories, and a

wild accession, express diverse phenotypic traits related to root biomass and morphology

under controlled, nutrient limited conditions. We examine how differences in root traits

impact genotype growth responses to soil health improvements, achieved via additions of

organic matter and key soil fauna. We hypothesize that genotypes exhibiting greater below-

ground C allocation will exhibit greater response (in growth, yield, and plant and soil N

dynamics) to composted manure and earthworm additions.

2. Materials and methods

2.1 Experimental design and implementation

This study was carried out in a greenhouse at Colorado State University, Fort Collins, CO,

USA between June and November, 2016. The study utilized a full factorial complete random-

ized design (CRD) with three factors: genotype (5 levels), compost additions (2 levels), and

earthworm additions (2 levels). Different genotypes of spring wheat (Triticum aestivum) and

its progenitor, Aegilops tauschii, were grown to evaluate the interactive impacts of phenotypic

trait variations, earthworms and compost on wheat growth parameters. Different genotypes of

spring wheat (Triticum aestivum) and one of its progenitor species (Aegilops tauschii, the D

genome donor of wheat) were grown to evaluate the interactive impacts of phenotypic trait

variations, earthworms and compost on wheat growth parameters. The Ae. tauschii accession

(TA2374 [49]) was originally collected in Pakistan in 1955, and seeds were provided by the

Wheat Genetics Resource Center, Manhattan, Kansas. The two older genotypes of spring

wheat were the obsolete variety ‘Gypsum’ and the landrace ‘Red Fife’. Gypsum was bred in

Colorado, USA [50] and was released in 1912, while the landrace Red Fife was developed as

early as 1842, originating in Eastern Europe and later becoming an important variety in North

America [51, 52]. The Gypsum and Red Fife seeds were obtained from the USDA-ARS

National Small Grains Collection, Aberdeen, Idaho. Two recently released genotypes from this
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century, Scholar Rht2M and Scholar Rht2W (referred to here as Rht2M and Rht2W), origi-

nated in Montana, USA and were obtained from Montana State University, Bozeman, Mon-

tana [53,54]. The recently released genotypes are near-isogenic to each other; Scholar Rht2W

contains the tall allele Rht-D1a at the Rht-D1 locus, while Scholar Rht2M contains the widely

deployed semi-dwarf allele Rht-D1b. For simplicity throughout the results and discussion we

refer to Gypsum and Red Fife as older varieties and the recently released wheat genotypes,

Rht2W and Rht2W, as modern relative to the older varieties and the wild accession, Ae.

tauschii.
Plants were grown in 24.5 x 3.5 x 38.0 cm deep rectangular plastic boxes, hereafter called

rootboxes [55]. The rootboxes were angled at 25˚ from vertical and had one side that could be

opened for root observations and rhizosphere soil sampling. Each box was filled with a soil-

sand media (~ 4700 g box-1) and packed by gentle shaking. The soil was collected (0–20 cm

depth) from the Agricultural Research, Development and Education Center (ARDEC) located

6.5 km north of Fort Collins, Colorado (40˚39’10.3"N 104˚59’46.6"W). The soil is a clay loam,

mixed, superactive, mesic Aridic Haplustalfs soil, has a pH of 8.7, and contains 1.16% total C,

0.1% 1.5 g total soluble N kg- soil, total N, 17 ppm Olsen P, and 185 ppm K [56]. The soil was

first sieved (4.0 mm), air-dried, and then mixed with sand (1:1 volume) to avoid soil compac-

tion and maintain drainage. Prior to seeding, we mixed in 1.0 g of granular NPK 16-16-16 fer-

tilizer (6.25% ammonium, 9.75% urea) to 5–6 cm depth in each box. Direct seeding at 2–3 cm

depth was conducted for landraces and modern genotypes by planting two seeds per rootbox,

while Ae. tauschii seedlings were transplanted following a 10-day pre-germination cold treat-

ment (4˚C). Plants were thinned to one plant per box two weeks after planting for all treat-

ments. All plants were grown under a 16 hr growing day, at approximately 21˚ C and 50%

humidity until harvest, and at approximately 70% soil water holding capacity, amounting to

174.76 g of water kg- soil media at 70% of field capacity. When wheat plants reached the mealy

ripe stage (Zadok’s code 85), soil moisture was adjusted to 60% to match reduction in plant

water use. Pests, mainly aphids, were controlled as needed using light insecticide application.

The compost treatments included either soils amended with composted manure (from the

Aurora Dairy in Greeley, Colorado) or soils without compost. Compost amendments provided

an additional 22, 7, and 36 mg of NPK kg- soil. The compost had a C:N of 41.29 and pH of

8.82. Compost macronutrient composition was 8.56, 2.74, and 13.63 g NPK kg- dry matter.

The compost micronutrient composition was 68.74 ppm Zn; 2475.2 ppm Fe; 128.57 ppm Mn;

57.16 ppm Cu; and 24.56 ppm B. Composted manure was passed through a 4.0 mm sieve and

applied at a rate of 300 ml per box (195.6 g fresh wt.) by thoroughly mixing with the soil-sand

mixture. For the earthworm treatment, each box either received two mature individuals of the

earthworm Aporrectodea caliginosa per box (~ 1.7 g total fresh biomass) or no earthworm

addition. All individuals of A. caliginosa, a commonly occurring species in Colorado [57],

were collected from ARDEC within the top 30 cm of soil from a nearby field to where soil was

collected. Five replications were established for each of the twenty treatments, leading to 100

experimental units (plants) in total.

2.2 Plant growth and yield assessment

Heading date and number of tillers were recorded for each plant in the study. Following har-

vest, we measured aboveground components and root biomass, root morphology characteris-

tics, and N content of the grain and vegetative aboveground biomass (details provided below).

Heading date was recorded when the spike emerged fully above the flag leaf. Number of tillers

was counted one day before harvest. We determined physiological maturity to have occurred

when the peduncle of the first spike had turned completely yellow. Harvest was carried out
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separately for each genotype when 50% of the plants in treatments of the same genotype

reached physiological maturity. We harvested total aboveground biomass by cutting stems just

above the soil surface and drying at 60º C. Total biomass is reported as the sum of aboveground

components and roots. Number of seeds was counted after threshing the spikelets manually

and then yield was determined as the total weight of the seeds per plant (after removing seeds

from the enclosing capsules in the case of Ae. tauschii). We calculated the average weight per

seed by dividing yield by the number of seeds per plant. Harvest index was determined as the

yield divided by total aboveground biomass.

Following aboveground biomass collection at harvest, we first examined the soil for earth-

worm presence and then rinsed the soil with water to separate coarse roots from the soil. The

fine roots were separated from soil using an elutriator (Standard Industries Inc., Fargo, ND

USA). We determined root morphology characteristics using a root scanning procedure fol-

lowing [58] on a ScanMaker 9800XL (Microtek International Inc., Santa Fe Springs, CA USA)

with gray scale scanning type and 600 dpi resolution. To improve image contrast and root

length estimates, we submerged all roots in staining liquid (Organic Neutral Red Stain) before

scanning [59]. Root morphology was evaluated using WinRhizo software (Regent Instrument

Inc., Quebec, Canada) and measurements included root length, root surface area, root volume,

and average root diameter. For each diameter class (0.00–0.25, 0.25–0.50, 0.50–0.75, 0.75–1.00,

and> 1.00 mm), root length, surface area, and volume were obtained. We calculated specific

root length as root length relative to total root biomass (m g-1). After scanning, roots were

rinsed, oven-dried, and weighed to determine total belowground biomass.

2.3 Plant and soil nitrogen analyses

Grain and aboveground biomass components (including stems, leaves, and chaff) were ground

and analyzed separately for total N concentration using a TruSpec1 CN (LECO Corporation,

Saint Joseph, MI USA). Aboveground N uptake was calculated by multiplying N concentration

by dry shoot biomass.

At tillering, heading, and harvest (approximate Zadoks stages 22, 58, and 92; [60]), rhizo-

sphere soil was collected from each rhizobox by sampling at 10 separate locations within 0.5

cm of root structures. Soils were sampled from all treatments (n = 100). However, for labora-

tory analyses from soils collected at wheat harvest sampling, earthworm treatments (n = 50)

were excluded due to their poor survival. Sampled soils were composited and stored at 4˚C for

less than one week for subsequent soil nitrate (NO3
-), ammonium (NH4

+) and microbial bio-

mass C (MBC) and N (MBN) analyses. Soil NO3
-and NH4

+ concentrations (μg g-1 dry soil)

were determined on 0.5M K2SO4 extract on a Alpkem Flow Solution IV Automated system

(O.I. Analytical, College Station, TX) and soil MBC and MBN were determined after a chloro-

form fumigation extraction procedure (0.5M K2SO4) [61] on a Shimadzu TOC-L with a

TNM-L Total Nitrogen Module (Shimadzu Scientific Instruments, Inc.).

2.4 Data analysis

Analyses of plant and soil variables were performed using R Statistical Software version 3.2.5

(R Development Core Team) in R Studio (version 1.0.136) environment. Three-way ANOVA

with a CRD model was run for all plant variables as well as two- and three-way interactions.

To satisfy ANOVA assumptions, variables were square root transformed as needed (heading

date, aboveground biomass, root length, average root diameter, harvest index, and vegetative

biomass N concentration) or ln transformed (total aboveground N uptake). For several vari-

ables where the wild accession, Ae. tauschii, presented extreme values and we obtained signifi-

cant genotype effects, we reran the three-way ANOVA excluding Ae. tauschii to determine if
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genotype effects still persisted among the domesticated wheat only. However, all pairwise com-

parisons and ANOVAs presented are from analyses where all 5 levels of genotype are included.

In cases where genotype effects were strictly driven by Ae. tauschii, we state as such within the

text. Treatment effects on soil parameters NO3
-, NH4

+, MBC, and MBN were determined

using a three-way mixed-effects, structured, repeated- measures ANOVA model (earthworm

treatments excluded), with time, compost, and genotype as the three fixed factor and

rhizobox as the repeated measure. We evaluated the relationships between plant growth and

soil N cycling parameters from wheat harvest sampling using Pearson’s correlation coefficients

(ρ). Least squares means were estimated using lsmeans function and compared using Tukey

method with α = 0.05. Summary statistics are given in original units. All data is available

within Supporting Information, S1 Table.

3. Results

Of the 100 experimental units, 95 plants were used for analyses, as 5 plants did not survive or

were severely stunted (2 Ae. tauschii; 2 Gypsum; 1 Rht2W). Most of the earthworms did not

survive until the end of the experiment. However, evidence of their activities was observed

throughout the first month and at harvest (via surface casting), and significant burrowing and

casting activity was noted in nearly all earthworm addition treatments. Thus, the earthworm

factor was included in all plant and root analyses.

3.1 Plant growth and biomass

Genotype impacted (p< 0.001) belowground C allocation (root biomass and R:S ratio) and

aboveground plant growth (aboveground biomass, heading date and number of tillers)

(Table 1, Table 2, S1 Fig). We observed a gradient of belowground C allocation based on root

biomass and R:S, where Ae. tauschii > Gypsum> Rht2M = Rht2W> Red Fife. However, this

gradient was not distinctly linear with genotype release date. Ae. tauschii took nearly twice as

long to reach heading, had more tillers, greater root biomass, and higher R:S ratio compared

to the four Triticum genotypes (Table 1, S1 Fig). Relative to the other wheat genotypes, Gyp-

sum generally had a longer time to reach heading, had more tillers, higher above- and below-

ground biomass, and higher R:S ratio. Compost also had a main effect (across all genotypes)

on the heading date and number of tillers (p< 0.001) as well as root biomass (p = 0.015)

(Table 1, S1 Fig). Earthworms delayed heading date by 2.7% on average (p = 0.044) but did not

influence any of the other plant growth or biomass variables.

Interactions between genotype and compost for all growth and biomass variables suggest

that the effect of compost depends on the genotype in question (Fig 1, Fig 2). For example,

genotypes with the highest R:S shoot ratios (Ae. tauschii and Gypsum) also had the greatest

increase in root and aboveground biomass with compost. In Ae. tauschii, the compost treat-

ment nearly doubled the number of tillers and increased above and belowground biomass by

40% and 158%, respectively (Table 1, Fig 1A, Fig 2A). Compost also increased R:S ratio in both

Ae. tauschii (40%) and Gypsum (20%), but did not affect the remaining genotypes (Fig 1B).

While no compost effect on above- or belowground biomass was observed in Rht2M and

Rht2W genotypes, Red Fife, exhibiting the lowest R:S ratio in unamended soils, reduced its

aboveground biomasss by 30% (Fig 2A). No other significant treatment interactions were

observed for the plant growth and biomass variables.

3.2 Root morphology

Root image analysis indicated that genotypes differed in root length, surface areas, and average

root diameter and tended to track R:S ratios (p< 0.001; Table 1). Ae. tauschii demonstrated
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the greatest root length per pot (476 m), approximately three to five times that observed in the

Triticum genotypes. Gypsum had the next greatest root length (157 m), while Red Fife, Rht2M,

and Rht2W showed similar root values of 88 m, 87 m, and 87 m, respectively. The average root

diameter of Ae. tauschii was 1.04 mm, twice that of all wheat genotypes. Root surface area was

also higher in Ae. tauschii and Gypsum by 4.5 and 1.5 times relative to the other genotypes.

While root mean diameter, surface area, and length all increased with increases in R:S,

Table 1. Means and ANOVA results for belowground biomass and root architecture traits for Ae. tauschii and four spring wheat genotypes grown in the greenhouse

under differing soil treatments. Standard errors are presented to the right of each mean.

Treatmentab Root

biomass

(g plant-1)

Root:shoot

ratio

Root length

(m plant-1)

Root angle (˚) Root surface area

(cm2)

Mean root diameter

(mm)

Ae. tauschii
NC-NE 1.62 ± 0.16 0.140 ± 0.013 378.2 ± 49.6 83 ± 6.4 2206 ± 295 0.96 ± 0.13

NC-E 1.14 ± 0.10 0.121 ± 0.010 228.7 ± 26.6 79 ± 8.0 1394 ± 160 0.73 ± 0.04

C-NE 2.85 ± 0.60 0.163 ± 0.016 681.5 ± 191.6 77 ± 2.0 4054 ± 1126 1.40 ± 0.24

C-E 4.27 ± 2.72 0.212 ± 0.085 616.4 ± 268.2 72 ± 8.5 3636 ± 1173 1.08 ± 0.30

Gypsum

NC-NE 0.57 ± 0.12 0.050 ± 0.005 130.9 ± 26.9 79 ± 1.6 725 ± 133 0.53 ± 0.01

NC-E 0.56 ± 0.09 0.052 ± 0.005 125.1 ± 20.3 80 ± 3.4 716 ± 117 0.54 ± 0.02

C-NE 0.68 ± 0.07 0.052 ± 0.001 154.0 ± 23.3 81 ± 2.9 845 ± 107 0.53 ± 0.01

C-E 0.80 ± 0.09 0.069 ± 0.005 219.7 ± 45.9 80 ± 4.5 1148 ± 225 0.53 ± 0.03

Rht2M

NC-NE 0.35 ± 0.06 0.043 ± 0.003 78.4 ± 16.6 51 ± 1.5 453 ± 82 0.56 ± 0.02

NC-E 0.41 ± 0.06 0.040 ± 0.002 78.1 ± 12.5 64 ± 4.5 457 ± 65 0.56 ± 0.02

C-NE 0.39 ± 0.04 0.038 ± 0.001 90.5 ± 11.8 64 ± 1.6 493 ± 53 0.53 ± 0.02

C-E 0.36 ± 0.10 0.034 ± 0.004 100.2 ± 32.2 61 ± 3.6 517 ± 171 0.37 ± 0.05

Rht2W

NC-NE 0.47 ± 0.05 0.041 ± 0.003 100.0 ± 12.7 57 ± 3.7 570 ± 68 0.55 ± 0.02

NC-E 0.31 ± 0.03 0.036 ± 0.003 66.7 ± 10.9 66 ± 4.5 384 ± 61 0.55 ± 0.02

C-NE 0.39 ± 0.06 0.041 ± 0.006 113.2 ± 22.9 63 ± 3.2 625 ± 127 0.53 ± 0.03

C-E 0.28 ± 0.06 0.037 ± 0.002 66.6 ± 29.7 75 ± 4.7 371 ± 149 0.29 ± 0.06

Red Fife

NC-NE 0.31 ± 0.02 0.031 ± 0.002 76.2 ± 8.7 71 ± 3.0 433 ± 58 0.53 ± 0.01

NC-E 0.46 ± 0.04 0.041 ± 0.003 120.0 ± 8.6 70 ± 3.4 664 ± 56 0.52 ± 0.01

C-NE 0.30 ± 0.08 0.038 ± 0.006 76.1 ± 28.1 66 ± 6.2 426 ± 146 0.56 ± 0.02

C-E 0.27 ± 0.12 0.031 ± 0.006 79.1 ± 39.6 74 ± 6.5 421 ± 191 0.31 ± 0.05

G ��� ��� ��� ��� ��� ���

C � ns � ns �� ns

E ns ns ns ns ns ���

G x C �� � �� ns ��� ���

G x E ns ns ns ns ns ns

C x E ns ns ns ns ns ���

G x C x E ns ns ns ns ns ns

a No compost or earthworms added (NC-NE); no compost, but earthworms added (NC-E); compost added, no earthworms (C-NE); both compost and earthworms

added (C-E).
b Significance indicated (�, p < 0.05; ��, p < 0.01; ���, p < 0.001; ns, not significant) for all experimental factors and interactions (G, genotype; C, compost; E,

earthworm); n = 5.

https://doi.org/10.1371/journal.pone.0200646.t001

Wheat genotypes and soil management

PLOS ONE | https://doi.org/10.1371/journal.pone.0200646 July 24, 2018 7 / 24

https://doi.org/10.1371/journal.pone.0200646.t001
https://doi.org/10.1371/journal.pone.0200646


difference in root angle and fine root size distribution tended to change along a genotype

release date gradient. Modern genotypes exhibited the narrowest root angle whereas Red Fife

had almost 1.5 times wider root branching (Table 1). In examining the relative abundances of

root diameter size class, coarse roots (>2 mm) only accounted for 1% of total imaged roots by

volume (S2 Fig). Fine roots were dominated by < 0.5 mm diameter roots (71%). The remain-

der consisted of 0.5–1 mm (25%), 1–2 mm (3%), 0.75–1.00 mm (0.4%), and> 1.00 mm

Table 2. Means and ANOVA results for aboveground production variables for Ae. tauschii and four spring wheat genotypes grown in the greenhouse under differ-

ing soil treatments. Standard errors are presented to the right of each mean.

Treatmentab Aboveground biomass

(g plant-1)

Number of

seeds

(seeds plant-1)

Yield

(g plant-1)

Average weight per seed

(mg seed-1)

Harvest

index

Ae. tauschii
NC-NE 11.5 ± 0.1 252.8 ± 5.2 1.11 ± 0.04 4.38 ± 0.17 0.096 ± 0.004

NC-E 9.5 ± 0.4 154.0 ± 28.5 0.66 ± 0.15 4.04 ± 0.37 0.067 ± 0.014

C-NE 16.9 ± 2.2 275.8 ± 42.0 1.25 ± 0.29 4.37 ± 0.37 0.076 ± 0.014

C-E 16.8 ± 4.5 206.0 ± 118.3 1.05 ± 0.86 3.40 ± 1.49 0.046 ± 0.032

Gypsum

NC-NE 10.9 ± 1.4 116.5 ± 15.5 2.70 ± 0.43 22.91 ± 1.82 0.243 ± 0.016

NC-E 10.5 ± 0.9 101.8 ± 27.1 2.25 ± 0.63 22.04 ± 1.13 0.204 ± 0.048

C-NE 13.0 ± 1.4 152.8 ± 21.3 3.35 ± 0.36 22.72 ± 2.46 0.259 ± 0.013

C-E 11.5 ± 0.7 98.4 ± 11.4 1.96 ± 0.19 20.35 ± 1.42 0.170 ± 0.011

Rht2M

NC-NE 8.2 ± 1.5 144.0 ± 28.4 2.71 ± 0.59 18.36 ± 1.00 0.318 ± 0.021

NC-E 10.3 ± 0.8 167.2 ± 11.5 3.81 ± 0.46 23.12 ± 3.06 0.369 ± 0.036

C-NE 10.4 ± 1.3 193.6 ± 32.9 3.52 ± 0.63 18.17 ± 0.61 0.333 ± 0.022

C-E 9.7 ± 1.8 167.8 ± 37.9 3.06 ± 0.83 17.31 ± 1.42 0.296 ± 0.034

Rht2W

NC-NE 11.4 ± 0.6 169.6 ± 5.5 3.47 ± 0.32 20.63 ± 2.30 0.303 ± 0.015

NC-E 8.6 ± 0.5 124.8 ± 13.8 2.78 ± 0.36 22.46 ± 2.63 0.320 ± 0.034

C-NE 9.6 ± 1.2 145.5 ± 21.1 2.99 ± 0.50 20.57 ± 1.88 0.309 ± 0.029

C-E 7.6 ± 1.6 93.6 ± 39.2 1.91 ± 0.84 18.17 ± 1.70 0.200 ± 0.068

Red Fife

NC-NE 10.0 ± 0.3 126.8 ± 9.9 2.90 ± 0.23 23.04 ± 1.22 0.290 ± 0.021

NC-E 11.2 ± 1.0 136.8 ± 15.2 3.36 ± 0.56 24.35 ± 1.79 0.295 ± 0.024

C-NE 7.4 ± 0.9 82.0 ± 9.6 1.95 ± 0.29 23.73 ± 1.51 0.264 ± 0.022

C-E 7.5 ± 2.0 104.2 ± 35.8 2.00 ± 0.57 20.45 ± 1.60 0.254 ± 0.028

G ��� ��� ��� ��� ���

C ns ns ns � �

E ns �� ns ns ��

G x C ��� ns ns ns ns

G x E ns ns ns ns ns

C x E ns ns ns � �

G x C x E ns ns ns ns ns

a No compost or earthworms added (NC-NE); no compost, but earthworms added (NC-E); compost added, no earthworms (C-NE); both compost and earthworms

added (C-E).
b Significance indicated (�, p < 0.05; ��, p < 0.01; ���, p < 0.001; ns, not significant) for all experimental factors and interactions (G, genotype; C, compost; E,

earthworm); n = 5.

https://doi.org/10.1371/journal.pone.0200646.t002
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Fig 1. Genotypic response of root growth to compost relative to control treatments without compost or earthworms. (A) root biomass, (B) root: shoot (R:S), (C)

root length, (D) average root diameter, (E) root surface area, (F) and root angle. The relative change is: mean value with compost–mean value of no compost / mean

value of no compost value. Genotype responses are shown in relationship to their R:S in unamended control soils. A significant response to compost (p<0.05) is

indicated by an asterisk (�); n = 5).

https://doi.org/10.1371/journal.pone.0200646.g001
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Fig 2. Genotypic response of aboveground growth to compost relative to control treatments without compost or earthworms. (A) aboveground biomass, (B) yield,

(C) harvest index, (D) seed number, (E) grain N uptake, (F) and total aboveground N uptake. The relative change is: mean value with compost–mean value of no

compost / mean value of no compost value. Genotype responses are shown in relationship to their R:S in unamended control soils. A significant response to compost

(p<0.05) is indicated by an asterisk (�); n = 5).

https://doi.org/10.1371/journal.pone.0200646.g002
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(0.1%). Ae. tauschii, Gypsum and Red Fife all had similarly higher abundances of the finest

roots (<0.5 mm) compared to the two modern genotypes (S2 Fig).

Compost had an overall effect on root length (p = 0.020) (Fig 1C), but not for average root

diameter or root angle (Table 1, Fig 1D, Fig 1F). However, compost did influence the relative

abundances of fine root classes, where<0.5 mm roots increased, and larger 1–2 mm roots

decreased in abundance (S2 Fig). Earthworms had no effect on the distribution of root diame-

ter size class. Overall, plants with compost addition had a 59% greater root length and 56%

greater root surface area than plants without compost. Earthworms decreased average root

diameter (0.72 mm) compared to soils without earthworms (0.80 mm; p< 0.001). The specific

root length was similar across all genotypes and was not affected by either compost or earth-

worms alone (data not shown).

An interaction between genotype and compost was observed for root length (p = 0.002), sur-

face area (p< 0.001), and average root diameter (p< 0.001; Table 1, Fig 1C, Fig 1D, Fig 1E).

Genotypes with higher R:S ratios had the largest response in root length and diameter with

compost additions. Average root diameters increased by 47% for Ae. tauschii in the presence of

compost but declined as R:S ratios declined (20% decrease for Rht2M and 25% for Rht2W) (Fig

1D). Conversely, root length increased as root biomass increased in response to compost (Fig

1C). Root length of Ae. tauschii more than doubled in the presence of compost, while Gypsum,

Rht2M and Rht2W showed an increase of 46%, 22%, and 8%, respectively. Meanwhile, Red Fife

root length decreased by 21% (non-significant) in the presence of compost. In general, the treat-

ments receiving compost and earthworms (C-E) exhibited the lowest root diameter (0.52 mm).

3.3 Yield

The modern genotypes Rht2M and Rht2W were the first to reach maturity followed by Gyp-

sum (landrace) 10 days later. Red Fife and the wild genotype were harvested one and two

months, respectively, after the modern genotypes. Genotype had significant effects on yield

variables. Averaging across all treatments, modern genotypes (Rht2M and Rht2W) were high-

est in most yield variables except average weight per seed (Table 2). For example, the modern

genotypes demonstrated higher seed yield (3.28 g plant-1 for Rht2M and 2.79 g plant-1 for

Rht2W) than landrace genotypes (2.57 g plant-1 for Gypsum and 2.56 g plant-1 for Red Fife).

The modern genotype Rht2M had the highest harvest index (0.33), which was not significantly

different from Rht2W (0.28) and Red Fife (0.28), but higher than Gypsum (0.22). The Ae.

tauschii accession had the highest number of seeds, but lower yield (total seed biomass), aver-

age seed weight, and harvest index, compared to all other genotypes.

Compost had a negative effect on average weight per seed (p = 0.035) and harvest index

(p = 0.014), such that plants with compost had lower average seed weight (16.9 mg seed-1) and

harvest index (0.23) compared to treatments without compost (18.5 mg seed-1 and 0.25 for

harvest index). Earthworms also had a similar effect, such that the number of seeds was 18.4%

lower in treatments with earthworms (p = 0.009) and the harvest index showed a marginally

significant decrease of 8.5% in the presence of earthworms (p = 0.089).

Compost and earthworm interactions resulted in the lowest average seed weight (p = 0.031)

and harvest index (p = 0.049; Table 2) compared to other combinations, with more than 10%

and 22% lower average seed weight and harvest index. The yield (total seed weight) response

to compost followed R:S ratios; beginning with a positive effect on high R:S genotypes, but

becoming increasingly more negative with lower root biomass, though this was only signifi-

cant for Red Fife (Fig 2B). Thus, while wheat genotypes with higher R:S had relatively poorer

yields in unamended soils, they outperformed in total seed weight under compost treatments,

relative to the higher-performing genotypes under no compost.
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3.4 Plant nitrogen uptake and grain quality

Genotype demonstrated significant impacts on all plant N variables. The Ae. tauschii accession

was lower for all N variables compared to wheat genotypes (Table 3). Of the wheat genotypes,

without compost, Gypsum exhibited the highest vegetative, but lowest proportion of N uptake

to grain (p<0.05). Compost increased total aboveground N uptake on average by 24.3% but

decreased the proportion of grain N uptake relative to total aboveground N uptake by 24.7%.

Earthworms lowered total N uptake and the proportion of total N in the grain on average by

7.0% and 11.8%, respectively (Table 3).

Significant interactions of genotype x compost (p = 0.011) and genotype x earthworm

(p = 0.034) were found for N uptake in the vegetative biomass. Compost increased total above-

ground N uptake, except for Red Fife (Fig 2F). The highest increases occurred in Ae. tauschii
(71%), followed by modern genotypes Rht2M (40%) with intermediate R:S ratio and Gypsum

(25%). Similarly, Ae. tauschii and Rht2M also showed the highest vegetative N uptake response

to compost. Grain N uptake response to compost tended to increase with increasing R:S ratio,

however the response was insignificant for all genotypes (Fig 2E). Earthworms decreased the

vegetative biomass N uptake in Rht2W, but had no significant effect on the other genotypes

(Table 3).

The proportion of grain N uptake to total aboveground N uptake decreased with compost

additions for Ae. tauschii (39%), Rht2W (26%), Red Fife (26%), and Rht2M (10%), but there

was no effect on Gypsum (Table 3). Among wheat genotypes, this negative compost effect on

relative grain uptake became increasingly higher with lower R:S ratios. Plants with compost

additions had higher grain N concentration than without compost for Gypsum (0.37%), Red

Fife (0.57%), Rht2M (0.14%), and Rht2W (0.14%), while in Ae. tauschii, it was lower by 0.36%.

3.5 Soil nitrogen

From wheat heading to harvest, soil NO3
- concentrations decreased while NH4

+ increased,

when averaged across genotype and compost (p<0.001) (S3 Fig). At harvest, we observed sig-

nificant genotypic effects on all soil N-cycling and microbial biomass variables (NH4
+, NO3

-
,

MBC, MBN and MB C:N) (Fig 3). Without compost, soil for all genotypes had similar NH4
+

concentrations, whereas NO3
- was highest in Red Fife and lowest in Ae. tauschii soil. Compost

additions had a generally positive effect on MBC, MBN and NO3
-, but not on NH4

+. Interac-

tive effects between compost and genotype were observed for soil NH4
+, MB C:N, and soil

NO3
-. Among genotypes with compost amendments, Ae. tauschii soil had almost twice as

much NH4
+ (0.98 μg g-), followed by Gypsum (0.58 μg g-). Specifically for NH4

+ and MBN, we

observed that the response to compost became increasingly more positive for genotypes with

greater root biomass. Ae. tauschii, Gypsum, and Rht2M had the largest change in soil NH4
+

with compost additions, while Red Fife and Rht2W exhibited no response (Fig 3A). Ae.

tauschii and Gypsum also showed the greatest increase in MBN with compost compared to all

other genotypes (Fig 3C). Compost also decreased MB C:N, but only for Ae. tauschii and Gyp-

sum (data not shown).

3.6 Relationships among root, soil, and N uptake parameters

We compared the relationships between soil N, microbial biomass, N uptake, and root bio-

mass from wheat harvest across all combinations of genotype and compost treatments (exclud-

ing earthworms). The highest Pearson coefficients were generally observed for R:S ratio and

aboveground N and biomass parameters (ρ>0.5; p<0.001) (Fig 4). Soil parameters (NH4
+,

NO3
-, MBC) had an overall smaller influence on plant growth (ρ<0.5; p<0.05). In terms of

aboveground N and growth, belowground C allocation (root biomass and R:S) was negatively
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Table 3. Means and ANOVA results for nitrogen concentration and uptake for Ae. tauschii and four spring wheat genotypes grown in the greenhouse under differ-

ing soil treatments. Standard errors are presented to the right of each mean.

Treatmentab Vegetative biomass N

concentration

(%)

Grain N

concentration

(%)

Vegetative

biomass

N uptake

(mg plant-1)

Grain N

Uptake

(mg plant-

1)

Total above-ground N

uptake

(mg plant-1)

Grain N uptake to total plant N

uptake (g g-1)

Ae. tauschii
NC-NE 0.49 ± 0.02 3.54 ± 0.07 56.0 ± 2.5 39.2 ± 1.3 95.1 ± 3.0 0.41 ± 0.01

NC-E 0.75 ± 0.12 3.77 ± 0.11 69.6 ± 8.0 24.2 ± 5.3 93.8 ± 4.0 0.26 ± 0.06

C-NE 0.74 ± 0.07 3.29 ± 0.23 119.0 ± 5.1 41.0 ± 9.1 160.0 ± 11.6 0.25 ± 0.04

C-E 0.89 ± 0.16 3.31 ± 0.40 135.1 ± 8.4 28.2 ± 21.4 163.2 ± 29.4 0.12 ± 0.09

Gypsum

NC-NE 1.26 ± 0.07 4.20 ± 0.20 137.2 ± 20.8 110.8 ±
14.3

248.0 ± 33.5 0.45 ± 0.02

NC-E 1.45 ± 0.05 3.93 ± 0.27 146.8 ± 12.0 84.7 ± 21.8 223.5 ± 34.1 0.31 ± 0.06

C-NE 1.24 ± 0.14 4.20 ± 0.09 164.7 ± 30.6 141.0 ±
16.6

305.7 ± 44.8 0.47 ± 0.03

C-E 1.67 ± 0.02 4.68 ± 0.19 192.4 ± 11.5 91.5 ± 8.5 283.8 ± 19.9 0.32 ± 0.01

Rht2M

NC-NE 1.28 ± 0.24 3.58 ± 0.27 95.0 ± 11.7 92.4 ± 17.3 187.4 ± 26.2 0.48 ± 0.04

NC-E 0.80 ± 0.12 3.44 ± 0.27 81.0 ± 9.9 126.3 ± 7.6 207.3 ± 10.9 0.61 ± 0.04

C-NE 1.64 ± 0.12 3.64 ± 0.04 165.2 ± 11.8 128.9 ±
24.4

294.1 ± 34.2 0.43 ± 0.03

C-E 1.63 ± 0.16 3.67 ± 0.17 152.4 ± 22.3 107.9 ±
25.9

260.2 ± 44.8 0.40 ± 0.04

Rht2W

NC-NE 1.00 ± 0.08 3.68 ± 0.09 113.2 ± 11.1 126.8 ±
10.3

240.1 ± 18.5 0.53 ± 0.02

NC-E 0.86 ± 0.10 3.42 ± 0.17 73.5 ± 8.7 93.3 ± 10.0 166.8 ± 13.6 0.56 ± 0.04

C-NE 1.68 ± 0.07 3.47 ± 0.13 162.8 ± 22.8 104.7 ±
18.7

267.8 ± 38.3 0.39 ± 0.04

C-E 1.90 ± 0.31 4.50 ± 0.45 132.5 ± 24.2 73.7 ± 30.2 206.2 ± 51.2 0.30 ± 0.09

Red Fife

NC-NE 1.00 ± 0.05 3.83 ± 0.25 100.1 ± 5.6 109.0 ± 4.2 209.1 ± 8.1 0.52 ± 0.01

NC-E 1.09 ± 0.15 3.72 ± 0.11 119.3 ± 14.6 122.6 ±
15.6

242.0 ± 17.7 0.50 ± 0.05

C-NE 1.83 ± 0.15 4.20 ± 0.03 133.8 ± 14.8 82.3 ± 12.8 216.1 ± 23.2 0.38 ± 0.03

C-E 1.84 ± 0.10 4.49 ± 0.15 132.0 ± 27.5 89.6 ± 26.4 221.5 ± 53.9 0.38 ± 0.03

G ��� ��� ��� ��� ��� ���

C ��� � ��� ns ��� ���

E ns ns ns ns ns �

G x C ��� � � ns � �

G x E � ns � ns ns �

C x E ns � ns ns ns ns

G x C x E ns ns ns ns ns ns

a No compost or earthworms added (NC-NE); no compost, but earthworms added (NC-E); compost added, no earthworms (C-NE); both compost and earthworms

added (C-E).
b Significance indicated (�, p < 0.05; ��, p < 0.01; ���, p < 0.001; ns, not significant) for all experimental factors and interactions (G, genotype; C, compost; E,

earthworm); n = 5.

https://doi.org/10.1371/journal.pone.0200646.t003

Wheat genotypes and soil management

PLOS ONE | https://doi.org/10.1371/journal.pone.0200646 July 24, 2018 13 / 24

https://doi.org/10.1371/journal.pone.0200646.t003
https://doi.org/10.1371/journal.pone.0200646


associated with N uptake and yield, but showed a positive influence on biomass production

and seed number. Soil NH4
+ and MB C:N were also negatively related to N uptake and yield,

whereas higher NO3
- was more related to greater N uptake. Similarly, as MBC and MBN

increased, so did N uptake, aboveground biomass, and seed number. Root biomass was associ-

ated negatively with soil NO3
-, but positively with NH4

+ and MBC (Fig 4).

4. Discussion

The low nutrient and organic C conditions of our soil are representative of many low input

systems where plant-soil synergies have a critical role in enhancing organic N mineralization

as a principle source of crop N [62]. Overall, our hypothesis that wheat genotypes with more

Fig 3. Soil N-cycling variables at wheat harvest across genotypes with and without compost additions. Soil (A) ammonium, (B) nitrate, (C) microbial biomass

N, (D) and microbial biomass C concentrations are shown in relationship to genotype root:shoot (R:S) ratios in unamended soils. ANOVA result are shown for

experimental factors and interactions (G, genotype; C, compost). Significant effect of compost within genotype is indicated by asterisk (�). Error bars are standard

error; n = 5.

https://doi.org/10.1371/journal.pone.0200646.g003
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belowground C inputs will have a greater response to improved soil biological function

(achieved via addition of compost and/or earthworms) was supported, but significant effects

differed by the response variable considered. In general, inherently higher root investment (as

observed in the unamended soils) coincided with greater root plasticity under compost inputs.

The degree and direction of the genotype response to compost generally followed a gradient of

belowground root allocation, where compost effects on most growth and N-cycling variables

were greater with increasing root biomass and R:S ratio. On the other hand, Red Fife, which

exhibited the lowest belowground C allocation had several adverse and opposing responses to

compost relative to genotypes with higher R:S ratios. The multiple interactions between geno-

type and soil treatments for various plant growth parameters suggest that under low fertility

conditions genotypic root plasticity will be an important factor affecting agroecosystem perfor-

mance following the adoption of new management regimes, such as the use of organic inputs

[63].

4.1 Genotypic effects on plant growth

Our first objective was to evaluate selected spring wheat genotypes for phenotypic differences

in both above- and belowground traits. Notably, in control soils without compost or earth-

worm additions, we found distinct differences in belowground C allocation in terms of both

the R:S ratio and total root biomass. Of the wheat genotypes, the landraces Gypsum and Red

Fife were the most divergent in root investment, with Gypsum exhibiting root characteristics

more similar to the wild accession. However, in the absence of compost or earthworms addi-

tions, when genotypes are arranged along this root allocation gradient, the aboveground vari-

ables do not necessarily track a root allocation gradient. For example, Gypsum exhibited the

Fig 4. Correlations for aboveground biomass, nitrogen uptake, seed number, yield, root biomass, and soil N-cycling parameters at wheat harvest. Pearson’s

correlation coefficients (ρ) are color coded by significance value and direction of correlation. Correlations are between all compost and genotype treatments (excluding

earthworms) (n = 47). R:S is the root: shoot ratio; Veg N is the vegetative nitrogen uptake, excluding grain; AG is total aboveground biomass; Seed # is the number of

seeds per plant; MBC and MBN are the concentrations of microbial biomass C and N and their ratio (MB C:N).

https://doi.org/10.1371/journal.pone.0200646.g004
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highest grain N concentration followed by Red Fife despite being on nearly opposing ends of

root allocation. Only in the presence of compost did we see aboveground traits more consis-

tently parallel belowground traits (discussed below).

It is thus likely that in unamended soils, there are other phenotypic traits besides root allo-

cation that influence N uptake and growth. Root architecture traits such as relative abundances

of fine roots, length, and branching morphology can exert strong influence on nutrient uptake

and efficiency [64,65]. While the majority (>90%) of the imaged root were within the fine root

classification (<2 mm), roots <0.5 mm are more associated with nutrient and water adsorp-

tion relative to their larger counterparts which would be more active in transport [66]. Nar-

rower root angles are often coupled with deeper rooting systems whereas wider root

branching, which we observed more so in the wild accession and landraces, can be associated

with greater root foraging in soils closer to the surface [67,68]. While our landraces, Gypsum

and Red Fife, diverged in their root biomass and R:S, they exhibited similar mean root angles

and relative abundances of<0.5 mm fine roots. Consequently, it may be that some of the

decoupling between root allocation and aboveground traits we observe in unamended soils

could be driven by root system architecture variability.

We selected our genotypes along a historical gradient of release date based on prior evi-

dence showing effects of domestication and breeding environments on root systems and

below-ground C allocation [38,47,48]. In considering the breeding history of T. aestivum geno-

types and their evolution from Ae. tauschii, we expected to see strong divergences in pheno-

typic traits related to root growth and morphology as well as N uptake and allocation patterns.

Specifically, we anticipated and confirmed that Ae. tauschii would allocate more C towards

root biomass relative to more modern genotypes (Table 1) that were bred in part for improved

harvest index and under more favorable soil conditions (improved nutrient and water avail-

ability). However, root biomass allocation was not linearly related to genotype release date.

The landrace Red Fife was more similar in root allocation to the modern genotype Rht2W and

had the lowest root biomass and R:S ratio. Gypsum, on the other hand was more like the wild

type, Ae. tauschii, both exhibiting overall greater root biomass, higher R:S ratio, root length

and surface area and average root diameter, often followed by the modern Rht2M genotype

(Table 1, Fig 1).

The lack of a consistent relationships between genotype release date and root biomass allo-

cation could be a consequence of different breeding environments and selection objectives

between the two landraces. Gypsum, originating from Colorado, was likely adapted to the

region’s relatively arid conditions and low nutrient inputs, such that deeper root foraging and

biomass allocation traits were under stronger selection. Red Fife, initially from Western

Ukraine [52] was likely cultivated under a context of greater inputs and more favorable grow-

ing conditions given that Europe has traditionally invested more resources into wheat cultiva-

tion and set aside some of its most fertile soils for wheat [69].

4.2 Soil treatment impacts on plant growth

We expected that to promote beneficial plant-soil interactions, such as enhanced N minerali-

zation, co-occurring changes in both plant traits and soil health need to be established. Not

only would genotypes need to express traits such as greater root biomass, that could support

biological communities, but soil health promoting practices, in our case compost and earth-

worm additions, also need to be in place to sustain a robust biological community that roots

can take advantage of. In our study, both compost and earthworms yielded significant impacts

on a variety of plant growth traits, regardless of genotype. However, not all traits exhibited

phenotypic plasticity to the soil amendments. We recognize that phenotyping in a greenhouse
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removes the reality of field conditions, but standardizing the growing environment across

genotypes allows us to isolate the phenotypic responses to specific changes in soil properties.

For example, regardless of genotype, compost increased root length, biomass, and relative

abundances of<0.5 mm roots, but had no effect on root angle or R:S ratio. On the other hand,

compost resulted in only a few positive responses in aboveground growth. This may be a con-

sequence of the low fertility conditions creating trade-offs in N allocation between yield and

vegetative components [70], constraining potential aboveground phenotypic plasticity to com-

post. Alternatively, a more active soil biological community can sometimes result in temporar-

ily less plant available N due to greater microbial N demands [71] which could explain the few

positive aboveground responses to compost we observed. Given the relatively higher NO3
-

concentrations and decreased MB C:N with compost amended soils, it appears that the micro-

bial community was not more N-limited and thus unlikely that more N was immobilized

under compost amendments.

Compost and earthworms have previously been shown to alter root traits by, for example,

changing soil resource heterogeneity and soil structure [72,73]. Earthworms are known to be

important regulators of soil structure and nutrient availability, and generally have positive

effects on plant growth and nutrient acquisition [73]. However, observed earthworm impacts

in this study were few and when they did occur, they often had a negative effect on plant

growth and N uptake. For example, earthworms resulted in lower harvest index and seed num-

ber, and decreased the proportion of total N uptake allocated towards grain. These earthworm

effects on plant growth and performance are unexpected, as earthworms often stimulate

microbial biomass and organic matter mineralization [74,75,76]. However, given their poor

survival early during wheat growth, we suspect that the earthworm effects are more a conse-

quence of their castings rather than their activity. Earthworm castings could have reduced

microbial compost mineralization by protecting compost C within rapidly formed stable

microaggregates within casts [77,78]. The limited effect of earthworms in our study is largely

due to their poor survival and thus inferences about their impact on wheat growth and perfor-

mance should be limited.

4.3 Interactive effects on plant growth and performance traits

In examining the interactive effects of genotype, compost, and earthworms on phenotypic

traits, we expected that genotypes with greater belowground inputs would exhibit stronger

responses to compost and earthworm additions, partly due to a) increased root access to

nutrients and b) greater biological mineralization of organic inputs and thus nutrient

uptake [79]. Several observed interactions show that genotypes with greater root biomass

(the wild accession and Gypsum) responded differently than Red Fife which had the lowest

R:S ratio, especially in terms of root morphology and biomass. Root morphology can be

plastic in response to many soil conditions, including nutrient status [72,80], though root

plasticity may depend on the genotype [81]. Importantly, we observed some interactions

suggesting that plasticity to compost amendments within our genotypes depends on how

certain traits like root diameter and R:S ratio are inherently expressed in the absence of soil

amendments. For example, genotypes with overall higher R:S ratio and root length also had

the greatest response in their R:S ratio and length under compost additions (Table 1, Fig 1).

Thus, there may be sufficient inherited genotypic variation that can be used to select for

phenotypic traits that will be responsive to soil health improvements [63]. Plant functional

traits are often used to predict how a plant will perform under a changing environment

[82,83] and it may be that traits such as R:S could be used to better predict genotype

responses to changes in soil management [84].
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In this study, we found that soils with organic nutrient additions increased root length, sur-

face area, and biomass most in Ae. tauschii and Gypsum (Fig 1), indicating that these geno-

types could adapt more readily to potential increases in soil biological activities. In low input

and organic based systems, more investment towards roots could enhance access to nutrients

and upregulate biological nutrient mineralization [6, 81, 84]. Indeed, genotypes with greater

belowground C allocation corresponded to the greatest changes in MBN and soil NH4
+ with

compost (Fig 3). Consequently, while Gypsum, and to some degree Rht2M, tended to have rel-

atively lower MBN and NO3
- in unamended soils, compost shifted this trend where Gypsum

showed either higher or similar MBN, NH4
+, NO3

- and MBC concentrations with compost,

compared to lower R:S wheat genotypes. The stimulated turnover or ‘priming’ of organic N

induced from root inputs has frequently been demonstrated (sensu [85, 86]) and we found pos-

itive correlations between NH4
+ and roots (Fig 4). If organic mineralization is stimulated

under Ae. tauschii and Gypsum, it is likely due to a shift in both soil resource stoichiometry as

well as overall microbial activity. This would partly explain why we observe a simultaneous

decrease in MB C:N and increase in NH4
+ with the higher root inputs under Ae. tauschii and

Gypsum (Fig 3, Fig 4). Accordingly, NO3
- concentrations, the primary source of N for crops,

were lower under higher root inputs and we also observed a corresponding 20 and 40%

increase in total N uptake in response to compost with Gypsum and Ae. tauschii, respectively

(Fig 3). It is possible this relationship could be attributed to greater N uptake, yet without gross

nitrification rates, we are not able to determine absolute differences in NO3
- production.

The genotypes with intermediate R:S ratio (Rht2M and Rht2W) are the two-near isogenic

modern genotypes and behaved similarly in root morphology and biomass allocation. They

were also less consistent in their responses to compost and in general exhibited the fewest sig-

nificant effects. On the other hand, Red Fife, with the lowest R:S ratio, often showed opposing

responses compared to Ae. tauschii and Gypsum, whereby compost negatively impacted

aboveground biomass, grain N uptake, seed weight and yield (Fig 2). While grain N concentra-

tions were generally high, sometimes indicative of low fertility conditions [87], it increased the

most in Red Fife following compost additions. It appears the genotype associated with lower

root biomass, R:S ratio, and root diameter in the control (no compost, no earthworm) is also

inhibited by organic inputs. It is possible that low belowground investment by Red Fife coin-

cides with lower total biological activity and turnover, and thus more N is retained within

compost under Red Fife, relative to other genotypes with greater belowground inputs. Accord-

ingly, Red Fife was the only genotype that showed an increase in MB C:N with compost, sug-

gesting a shift towards greater microbial N limitation, which may be related to reduced

belowground investments and an associated lack of N priming by this genotype.

While greater belowground C allocation tended to favor more positive response to compost

for root morphology and soil N-cycling (e.g. root length, surface area, NH4
+, MBN), the above-

ground responses to compost were far more muted and did not necessarily translate into sig-

nificant impacts on yield. Still, both total aboveground and vegetative N uptake increased the

most with higher R:S genotypes. Moreover, Gypsum and Rht2M were the lowest yielding

genotypes without compost additions, but became the highest yielding genotypes following

compost amendments (Table 2). Thus, even though genotypes may exhibit root traits such as

higher R:S or greater length, the benefits to plant-soil feedback may not be realized unless soil

management is also modified to provide an environment that the roots can leverage.

5. Conclusions

Findings from our work suggest that the magnitude of positive compost effects on soil N-

cycling, N uptake, and rooting systems in spring wheat follows increases in genotypic
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belowground investment. Our genotypes with lower belowground investment exhibited less

plasticity to compost amendments and when there was a response it was frequently adverse to

plant growth and soil N-cycling. Notably, genotypes that performed well in unamended soils

(Red Fife and Rht2W) were outperformed by genotypes with greater root investment (Gypsum

and RHt2M) when soils were amended with compost. This suggests that root phenotypic plas-

ticity, especially in terms of root biomass allocation, could be an important breeding strategy

for developing genotypes with performance advantages within organic and low input

agroecosystems.

Targeting phenotypic traits for greater belowground C allocation can have multiple impacts

on promoting beneficial plant-soil interactions as well as overall soil health. Greater root sys-

tems likely have higher root exudation, which encourages plant-soil interactions related to dis-

ease suppression, nutrient acquisition and protection against abiotic stressors [88]. Moreover,

roots are now thought to contribute more to soil C accrual and persistence relative to above-

ground biomass [89,90], and deeper rooting systems are known to reduce NO3
- losses and

improve water infiltration [91]. While we evaluated a limited number of genotypes and our

observed responses could differ with variations in compost amount and quality, our results

indicate that different genotypes can perform distinctly in conditions of improved soil health.

Thus, there is potential to leverage root phenotypic diversity, in conjunction with improve-

ments to soil health to facilitate beneficial plant-soil interactions. We propose that greater

exploration of belowground traits could help reinstate the benefits of plant-soil interactions

under conditions of improving soil health.
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