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Abstract
Purpose The main goal of this study was to determine if ancient wheat varieties could store more carbon than modern
ones, due to a likely bigger and deeper root system and a slower mineralization rate.

Methods We conducted a field experiment with four modern and four ancient varieties, with and without chemical
inputs (nitrogen, herbicide and fungicide). Root morphology was assessed by image analysis, potential catabolic
activities of fructose, alanine, citric acid by MicroResp™ and overall CO2 emissions by incubating soil and roots from
each modality for 60 days.

Results The breeding type did not affect root traits, substrates respiration nor CO2 emissions in our environmental
conditions. The application of inputs did not affect root traits but influenced the respiration of specific substrates and
CO2 emissions. The most noticeable response was due to the “breeding type x inputs” interaction: inputs increased
CO2 emissions from soil and root tissues of ancient varieties by 19%, whereas no effect was observed for modern
varieties.

Conclusion Taken together, our results did not support the hypothesis that ancient varieties produce more root biomass
and more recalcitrant tissues. It is unlikely that they could be more performant than modern ones in storing carbon in
our experimental conditions.

Introduction
Since the industrial revolution, human activities have impacted climate by increasing drastically greenhouse gases
(GHGs) fluxes in the atmosphere (Crutzen, 2002; IPCC, 2019) and among them those containing carbon (CO2 and CH4).
Anthropogenic carbon emissions could be partially mitigated by favoring the transfer of carbon from the atmosphere
to carbon sinks like soils (Friedlingstein et al. 2019; Le Quere et al. 2015). Soils store approximately three times more C
stocks than the atmosphere (2400 vs. 800 GtC) (Jobbagy and Jackson 2000) and can, thus, play a potentially
important role in climate change mitigation. In this regard, agricultural soils are of particular interest because they
cover 37.4% of the world's land area (FAOSTAT, 2016). Because agricultural soils are already managed by farmers, an
adaptation of agricultural practices could have important effects on soil carbon stocks (Dignac et al. 2017) with
minimal additional costs, as compared with carbon storage strategies developed in natural soils.

Among agricultural practices with a strong leverage effect on carbon sequestration, the choice of the crop is crucial
since the plant is responsible for carbon inputs in the soil. The diversity of cultivars provides an important pool of
species and genotypes, in which farmers could choose the most adapted to their objectives, including efficient soil
carbon storage (Mathew et al. 2020). Wheat varieties are of particular interest since this crop is cultivated on
220 million ha worldwide which represents 4% of agricultural lands (Klein Goldewijk et al., 2017; USDA, 2018).
Moreover wheat has a high C allocation to the soil (Mathew et al. 2020), which makes it a good candidate for carbon
storage. Among the wheat cultivar diversity, farmers can choose between ancient or modern varieties, hereafter
considered as two “breeding types”.

Artificial selection for improved yield in high-input agriculture has led to a decrease in wheat shoot size (Berry et al.
2015). Ancient varieties are also reported to exhibit deeper root systems (Shaposhnikov et al. 2016; Subira et al. 2016)
and to show higher root biomass than modern ones (Pour-Aboughadareh et al. 2017; Waines and Ehdaie 2007). Since
half of the carbon stored in soil is located below 30 cm (Balesdent et al. 2018), deep root systems represent a credible
opportunity to increase carbon storage. Differences in physiology, composition of plant tissues (Gotti et al. 2018;
Iannucci et al. 2017) and root architecture (Beyer et al. 2019; Junaidi et al. 2018) between ancient and modern
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breeding types could also be responsible for reduced mineralization rates in ancient varieties, because tissue
recalcitrance and reduced surface available for microbial degradation. Since the exudation profiles between ancient
and modern varieties of the same species are supposed to differ (Beyer et al. 2019), microbial communities living in
the vicinity of plant roots could also differ in structure and function between ancient and modern varieties, with
potential consequences for root development and dead root mineralization.

Changes in plant genotype occurred simultaneously with the increasing use of synthetic chemical inputs (fertilizers,
pesticides and herbicides). These inputs are widely applied in the fields since the Green Revolution and are known to
directly modify the soil and rhizosphere microbial communities (Nave et al. 2009; Geisseler and Scow 2014). Root
morphology is also very sensitive to the addition of nitrogen (N) inputs, with highly different morphological responses
(Guo et al., 2008; Noguchi et al., 2013; King et al., 1997; Wang et al., 2013). Since modern varieties have been selected
in the presence of chemical inputs and are generally grown with them, whereas ancient varieties are grown without, it
is possible that these two breeding types respond differently to inputs, especially in terms of carbon allocation and
restitution to the soil. It is thus of particular interest to decouple the effect of breeding and input application to assess
the relative importance of the genotype (G), the modification of the environment by chemical input application (E), and
their interaction (G⋅E) on carbon allocation to the soil and its mineralization. The effects of breeding and inputs can be
described by adopting the formalism of quantitative genetics P = G + E + G⋅E (Falconer 1989). In this study, root system
biomass and morphology will be considered “classic” phenotypical traits “P”. The mineralization rate of this root
material, which is under the control of the microbiota recruited by the plant (Lemanceau et al. 2017), can be considered
an “extended” phenotype of the plant (Dawkins 1999; de la Fuente Cantó et al. 2020). Functional and structural
properties of the microbiota can indeed be considered a phenotypical trait of the host (Walters et al. 2018; Oyserman et
al. 2021). These phenotypical traits can be determined by: (i) the plant breeding type “G” (either modern or ancient
varieties), (ii) the environment “E” (modified by agricultural practices such as the application of inputs) and (iii) the
interaction between crop breeding type and inputs “G⋅E” (defined as plant phenotypic plasticity). Phenotypic plasticity
denotes the ability of a given genotype (here the breeding type) to produce different phenotypes across different
environments (Laitinen and Nikoloski 2019); it is often represented as a "norm of reaction", where trait changes of each
breeding type are depicted across environments (Schmalhausen 1949; Stearns 1989).

Most studies trying to compare ancient and modern varieties are made in controlled conditions in the absence of
inputs or in nutrient-depleted soils (e.g. Brisson et al. 2019), making it difficult to conclude on the differences between
ancient and modern varieties’ root systems in the field. Based on a field experiment combining variation in breeding
type (ancient and modern varieties) and chemical inputs (presence or absence), we measured, at different depths, root
biomass and morphology, and we incubated roots and soils from corresponding plots and soil layers to assess CO2

emission. CO2 emissions were considered as a proxy for carbon storage, since soil carbon content changes in one year
are too weak to be detected in the field, and crop rotation prevents reproducing several years the same experiment
exactly at the same place to observe cumulated effects. The purpose of this paper was to test the following
hypotheses: (1) the breeding type influences carbon storage either (1a) through increased root biomass and root
surface area in ancient varieties, or (1b) a reduced carbon mineralization rate by their associated microbiota; (2)
synthetic chemical inputs influence carbon storage either (2a) by reducing root biomass and surface or (2b) by
increasing root carbon mineralization; (3) the effect of plant breeding type on (3a) root biomass and morphology or
(3b) mineralization rate is dependent on the presence of inputs.

Materials And Methods

Field site description
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The experiment was carried out in the experimental field of the Institut Agro Dijon (47° 18' 32" N 5° 04' 02" E, Dijon,
France) from October 2019 to July 2020. The climate is a temperate oceanic climate (Köppen-Geiger classification),
characterized by a mean annual temperature of 11.0°C, mean maximal and minimal temperatures of 15.4°C and 6.6°C
respectively. Mean annual precipitation calculated on a 30 years duration is 760.5 mm and reference
evapotranspiration (ET0) 853.8 mm (Météo France). The study area is dominated by old colluvial and alluvial
materials originated from sedimentary calcareous rocks. The main soil type is Calcaric Cambisols (FAO 2014), with a
soil texture of organo-mineral horizons dominated by the clay fraction, a soil pHH2O value of 8.23 and soil organic

matter (SOM) content of 35.78 g kg− 1. This soil was rather thin, with a rock bed at 30 cm depth (for more soil
properties, refer to Supplementary material Table S1). This soil was representative of the soils of the region and in
particular those cultivated with wheat, thus a good candidate to assess the performances of wheat varieties in our
region. The preceding crop was a field bean (Vicia faba) for all the experimental plots.

Plant Material and Experimental Design
A group of eight wheat varieties from two kinds of genotypes, hereafter called “breeding types” was studied: four
ancient varieties (A), released before the Green Revolution (before 1960) and four modern varieties (M), released after
1960. Ancient varieties were provided by “Graines de Noé”, a non-governmental organization ( http://www.graines-de-
noe.org/ ), which promotes the conservation of wheat landraces. Among their 200 varieties, all grown without inputs,
we selected some with a local origin, mainly from the Bourgogne Franche-Comté administrative district (Table 1).
Modern varieties were selected after the ’60s in high input systems ( http://www.fiches.arvalis-infos.fr/ ) (Table 1).

Table 1
Ancient and modern varieties and their date of release

Breeding Variety Year of first appearance Provider

Ancient Automne Rouge XIXth century Graines de Noé

Barbu du Mâconnais XIXth–beginning XXth century Graines de Noé

Blé de Saône Before 1960 Graines de Noé

Alauda 2013

(Probus (1948) X Inntaler (before 1960))

Graines de Noé

Modern Alixan 2005 Limagrain

Nemo 2015 Secobra

Rubisko 2012 RAGT Semences

Tulip 2011 Saaten Union

Seeds were sown on October the 29th, 2019 (week 0). Two agronomic treatments were applied for each variety: i) with
inputs (w) and ii) without inputs (w/o). In the treatment with inputs, products and doses applied were those commonly
used in the Bourgogne Franche-Comté region on winter wheat. Inputs included herbicide (Bofix™, Dow Agro Science,
made of fluroxypyr 40 g l− 1 (3.7%), + clopyralid 20 g l− 1 (1.8%) + MCPA 200 g l− 1 (18.4%)), supplied once at 0.3 l.ha− 1

on April the 10th (week 23), fungicide (Bell Star™, Dow Agro Science), applied once at 2.5 kg.ha− 1 on May the 5th
(week 26), and fertilizer (CAN 27% Granulé, Dijon Céréales, France) for a total of 150 kgN.ha− 1, applied as 50 kgN.ha− 1

in three times, on February the 20th (week 18 after sowing), March the 26th (week 25) and May the 30th (week 30).
The complete cross-factorial design was made of four modern and four ancient varieties, with or without inputs (n = 
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16), replicated in three randomized blocks (n = 48), on individual plots of 1 m2 each, separated from each other by 0.8
m. The planting density was 300 seeds per square meter. Wheat grains were manually sown at a depth of 4 cm, and
distributed among seven rows (0.15 m apart).

Soil Sampling and Sample preparation
Sampling was carried out on May the 26th, 2020 by collecting a soil core of 8 cm diameter within a planted row in
each plot down to 30 cm, and divided into the 0–15 cm and 15–30 cm soil depths. Considering the spatial variability
of soil depth, the sampling volume of soil cores was not always the same. To integrate this variability, the data were
normalized to 100 cm3 for analysis. Forty-eight soil samples were retrieved at 0–15 and the same number at 15–30
cm depth. For each sample, we collected rhizosphere and bulk soil. Rhizosphere soil was collected by manual shaking
to keep only 1 to 2 mm soil around the roots and brushing of the roots with caution, and, bulk soil was collected by
sampling the loose soil not aggregated around the roots and sieving at 2 mm. Roots were also collected. Elutriation
(Smucker et al. 1982), a method based on differential sedimentation (Fenwick 1940), was used to retrieve all the root
fragments from the remaining soil: a slight water flux flowing out of a container carried away root pieces while soil
particles stay at the bottom of the container due to their higher density (Blouin et al. 2007). Root pieces were recovered
and stored in water at 4°C for further image analysis and incubations. Soil samples (rhizosphere and bulk soils) were
stored at -20°C for 10 months during the lockdown. Root biomass (g in 100 cm3 of soil) was measured after image
analysis and before taking some material for incubation, after drying at 50°C for two days.

Root system morphology
Roots were spread on a tray and scanned using an Epson GT2000 J151A (Epson America, Inc., Long Beach, USA).
Images were analyzed with WinRhizo™ (Regent Instruments, Inc., Quebec, Canada). Different morphological traits were
measured: length (cm in 100 cm3 of soil), surface area (cm2) and root average diameter (mm).

Incubations
The soil used for incubations was sieved at 2 mm and air-dried to adjust soil moisture for incubations (Scheu and
Parkinson 1994; McGowen et al. 2018). 96 microcosms (eight varieties, two inputs treatments, three replicates per
breeding types and inputs treatments and two depths) were set up in 37-ml flasks by placing 3 g of dry weight bulk soil
together with 45 mg dry weight crushed roots retrieved in the same plot and depth as the incubated soil, to preserve, as
far as possible, interactions between specific roots and soil microbial communities. Soils were watered to 40% of the
water holding capacity by adding sterile water. The soil microcosms were then incubated at 20°C in the dark for 60
days. The gaseous phases of the microcosms were sampled at 1, 6, 12, 20, 32 and 60 days of incubation with a 1 ml
air gas syringe and put in 10 ml airtight flasks for measurement of the CO2 concentration. Microcosms were not
aerated during this incubation period since the risk of anaerobic conditions was not significant, the soil volume being
very small as compared with the flask volume. CO2 concentration was determined on a 990 Micro GC system (Agilent,
Santa Clara, USA).

2.6. Mineralization of specific substrates
Enzymatic activities of rhizosphere microbial communities were studied using the MicroResp™ technique (Campbell et
al. 2003), following the manufacturer’s instructions. In brief, the rhizospheric soil of the 48 plots for the two depths was
sieved at 2 mm. Soil moistures were calculated on those samples (14.36 ± 2.99% for 0–15 cm samples and 13.74 ± 
2.91% for 15–30 cm samples, mean ± s.d.). Deep-well plates filled with these soils were incubated in the dark at 25°C
for 72 h before measurement. In a preliminary test, nine different carbon sources representing amino acids (l-arginine
and l-alanine), carbohydrates (d-fructose, d-galactose, d-glucose and l-arabinose) and carboxylic acids (citric acid, l-
malic acid and oxalic acid) were tested on a restricted number of samples, leading to the selection of l-alanine, d-
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fructose and citric acid, which were representative of these three groups of molecules and the most affected by our
treatments. Twenty-five microliters of these three different carbon sources were added to the MicroResp™ deep-well
plates. Carbon dioxide (CO2) emission was measured by colorimetry on dye plates, with a spectrophotometer (Infinite
M200Pro, Tecan, Männedorf, Suisse) at 570 nm: immediately before placement and after 6-hour incubation in the dark
at 25°C. The CO2 evolution rate was calculated according to the instructions of the manufacturer.

Statistical Analysis
Analyses of root traits, MicroResp™ and incubations data were performed with the RStudio software (RStudio Team
2020). Normality and homoscedasticity of the data were assessed using Shapiro and Bartlett test respectively, using R
default functions. Non-normally distributed data (Root Biomass, Respiration with Fructose and Alanine substrates and
total CO2 release in incubation) were log-transformed.

We tested several models. Since the blocks had no significant effect, this factor was removed from the final model. All
variables were thus analyzed with the following three-way ANOVA model:

 is the studied parameter, of breeding type i, under inputs treatment j, at soil depth k.  is the general effect.  is
the effect of the breeding type (qualitative: ancient, modern),  is the effect of the inputs treatment (qualitative: with,
without).  is the effect the soil depth (qualitative: 0–15 cm, 15–30 cm). the interaction effects between the

breeding type and the inputs treatment ;  is the interaction effects between the breeding type and the soil depth ;
 is the interaction effects between the inputs treatment and the soil depth and  is the interaction

effects between the breeding type, the inputs treatment and the soil depth.  is the residual error. These analyses
were followed by a post-hoc Tukey’Honest Significant Difference test (p < 0.05, package ‘agricolae’, (De Mendiburu
2017)). To analyze the data of CO2 emissions for each date of measurement along the incubation time, the parameter
Date was included in the model presented in Table 3. We also analyzed the CO2 cumulated at the end of the incubation
period (60 days) (Table 4, Fig. 3).

Yijkm = μ + αi + βj + γk + (αβ)ij + (αγ)ik + (βγ)jk + (αβγ)ijk + Eijkm

Yijkm μ αi

βj

γk (αβ)ijis

(αγ)ik

(βγ)jk (αβγ)ijk

Eijkm
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Table 3
Analysis of variance of CO2 release from

incubations. Data were log-transformed to
respect normality and homoscedasticity. F

values are given, with asterisks indicating the
significance of effects. ˙, P < 0.10; *, P < 0.05; **,

P < 0.01; ***, P < 0.001. The “date” factor was
included in the analysis to consider the change
of CO2 concentration through time inherent to

the incubation method.
Total CO2 release (µg C-CO2/ g of soil)

  F value  

Breeding type 24.2 ***

Inputs 57.4 ***

Depth 71.9 ***

Date 1899 ***

Breeding type:Inputs 8.03 **

Breeding type:Depth 8.22 **

Inputs:Depth 1.22  

Breeding type:Inputs:Depth 0.37  

Table 4
Analysis of variance for CO2 released after 60 days of incubation.

Percentages of sum square, F values et P values are given, with asterisks
indicating the significance of effects. ˙, P < 0.10; *, P < 0.05; **, P < 0.01; ***,

P < 0.001

  Total CO2 released after 60 days (µg C-CO2/ g)

  % Sum Sq F value P value  

Breeding type 1.02 1.01 0.32  

Inputs 3.78 3.73 0.056 .

Breeding type:Inputs 3.96 3.91 0.051 .

Residuals 91.2      

% explained by factors 8.7      

We represented the results of these ANOVAs by plotting the dependent variable in response to the two environmental
modalities (without “w/o” and with “w” inputs) and in conjunction with phenotype’s responses related to a given
breeding type. This representation is the one used to represent phenotypic plasticity and more generally interaction
between a genotype and its environment (Oyserman et al. 2021).

Results
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Effects of breeding type and inputs on roots biomass and
morphology
Root biomass and morphology present similar responses to the different factors (Table 2). Depth had a significant
effect on all root traits (root biomass, root length, root average diameter and root surface area), explaining between
53.2 and 81.3% of the variance, for root average diameter and root biomass respectively (Table 2, Fig. 1a, 1b, 1c and
1d versus 1e, 1f, 1g, 1h). Breeding type (ancient vs modern varieties) had no significant effect on root biomass, root
average diameter and root surface area (Table 2). The breeding type had an almost significant effect (p = 0.084) on
root length (explaining 1.38% of the total variance) (Table 2). Since root biomass was not significantly affected, we
tested the effect of the breeding type on the specific root length (length of root per gram of dry root), but it had no
impact (p = 0.29, data not shown). We also found no effect of inputs on roots traits (Table 2). However, some trends
were observed. At 0–15 cm, ancient varieties in the absence of inputs had the highest observed root length and root
surface area, but the difference with other treatments was not significant after post-hoc correction for multiple
comparisons (Fig. 1c and 1d). The addition of inputs tended to increase the root biomass, average diameter, length
and surface area of modern varieties at 0–15 cm (Fig. 1a, 1b, 1c and 1d). Conversely, inputs tended to decrease the
root average diameter and surface area of ancient varieties at 0–15 cm (Fig. 1b and 1d). At 15–30 cm, no change was
observed (Fig. 1e, 1f, 1g, 1h).

Table 2
Analysis of variance for morphological root traits. Data were log-transformed to respect normality and

homoscedasticity for root biomass. Percentages of sum square and F values are given, with asterisks indicating the
significance of effects. ˙, P < 0.10; *, P < 0.05; **, P < 0.01; ***, P < 0.001

  Root biomass

(g in 100 cm3 of soil)

Root average
diameter

(mm)

Root Length

(cm in 100 cm3 of
soil)

Root surface area

(cm2)

  %
Sum
Sq

F
value

  %
Sum
Sq

F
value

  %
Sum
Sq

F
value

  %
Sum
Sq

F
value

 

Breeding type 0.11 0.56   0.74 1.51   1.38 3.05 . 0.040 0.11  

Inputs 0.044 0.22   0.37 0.75   0.23 0.52   0.012 0.034  

Depth 81.3 398.6 *** 53.2 108.2 *** 57.1 126.4 *** 68.5 198.4 ***

Breeding
type:Inputs

0.13 0.64   0.28 0.56   0.30 0.68   0.32 0.92  

Breeding
type:Depth

0.25 1.24   0.68 1.52   0.16 0.37   0.099 0.28  

Inputs:Depth 0.13 0.64   0.62 1.27   0.98 2.17   0.29 0.86  

Breeding
type:Inputs:Depth

0.022 0.10   0.87 1.76   0.002 0.004   0.32 0.92  

Residuals 17.9     43.3     39.8     30.4    

% of variance
explained

82.0     56.7     60.2     69.6    

Effects of breeding type and inputs on C mineralization
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Total CO2 release was impacted by the depth, the presence/absence of inputs and the breeding type (Table 3, Fig. 2).
The interaction between breeding type and inputs also had a significant effect on total CO2 release, as well as the
interaction between breeding type and depth (Table 3). To study the effect of breeding type and inputs on C
mineralization independently of the time and depth, we studied the quantity of CO2 cumulated at day 60 (Table 4).
After 60 days of incubation, the breeding type did not affect the quantity of CO2 released (Table 4). For ancient
varieties, the quantity of CO2 emitted was 19% higher in the presence of inputs (p = 0.0342), but for modern varieties,
inputs had no significant effect (p = 0.999) (Fig. 3).

Effects of breeding type and inputs on the degradation of selected
substrates
Breeding type (ancient vs modern varieties) had no effect on CO2 emission for the alanine, a significant effect for the
citric acid (explaining 2.39% of the total variance, p = 0.050) and a significant effect for the fructose (1.21%, p < 0.001)
(Table 5, Fig. 4). The presence/absence of inputs had a significant effect on CO2 emission for fructose (5.83%, p = 
0.015), alanine (5.49%, p < 0.001) and citric acid (17.1% variance, p < 0.001) (Table 5, Fig. 4). At 0–15 cm, considering
both ancient and modern varieties together, the addition of inputs led to increased respiration for fructose (Fig. 4a). At
15–30 cm, the presence of inputs was responsible for a significant decrease of respiration with fructose (opposite to
observations at 0–15 cm) and alanine, and a significant increase of respiration for citric acid (Fig. 4d, 4e and 4f).
Depth had a significant effect for all substrates, explaining 19.3, 59.7 and 61.4% of the variance, for citric acid,
fructose and alanine respectively (Table 5, Fig. 4).

Table 5
Analysis of variance for respiration rates obtained from MicroResp™. Data were log-transformed to respect normality

and homoscedasticity for fructose and alanine. Percentages of sum square and F values are given, with asterisks
indicating the significance of effects. ˙, P < 0.10; *, P < 0.05; **, P < 0.01; ***, P < 0.001.

  Fructose respiration

(µg/g/h C-CO2)

Alanine respiration

(µg/g/h C-CO2)

Citric Acid respiration

(µg/g/h C-CO2)

  % Sum
Sq

F
value

  % Sum
Sq

F
value

  % Sum
Sq

F
value

 

Breeding type 1.21 5.67 * 0.52 1.55   2.39 3.93 .

Inputs 5.83 27.3 *** 5.49 16.4 *** 17.1 28.1 ***

Depth 59.7 279.7 *** 61.4 183.5 *** 19.3 31.8 ***

Breeding type:Inputs 0.013 0.060   0.11 0.32   0.002 0.003  

Breeding type:Depth 0.021 0.11   0.007 0.021   0.005 0.008  

Inputs:Depth 14.4 67.6 *** 2.76 8.26 *** 7.42 12.2 ***

Breeding
type:Inputs:Depth

0.11 0.52   0.29 0.88   0.31 0.51  

Residuals 18.8     29.4     53.5    

% of variance explained 81.2     70.6     46.5    

Discussion
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Ancient varieties were selected and are grown mostly without synthetic chemical inputs in organic farming systems,
whereas modern ones were selected and are usually grown with chemical inputs. It is thus difficult to assess the
relative importance of individual factors of breeding type and inputs (respectively G and E) and their interaction (G×E)
in root morphology and mineralization rate, which are relevant to identify plants able to store more carbon in the soil.
Our results are a first attempt to quantify these environmental and genotypic effects independently, in the field.

Effects of breeding on root system and mineralization rate
The breeding type did not affect the root biomass and morphology when considered independently of the
presence/absence of inputs and depth (Table 2). This result did not support our first hypothesis (1a) regarding a higher
root biomass production or a higher external surface in ancient varieties. Due to the introduction of dwarfism genes in
modern wheat varieties, responsible for a lower height, a decrease of root system size could have been expected
because of the balance between roots and shoots (Wilson 1988; Feller et al. 2015). A negative impact of the dwarfism
genes on root morphology has already been observed (Subira et al. 2016; Pour-Aboughadareh et al. 2017). In the study
of Laperche et al. (2006), the Rht1 gene has a negative impact on primary and lateral root length and leads to a
decrease in root biomass for modern varieties. This was not observed in our study. It may be due to differences in
experimental conditions: some studies compare modern varieties with wild relatives, and not ancient varieties (Pour-
Aboughadareh et al. 2017); others were conducted in greenhouses, in tubes filled with a soil/sand mixture (Subira et al.
2016), so in experimental conditions relatively far from the field. Another explanation could be that the thin soil in our
site (30 cm depth) was not deep enough for ancient breeding types to exhibit their stronger root development.
Implementing experiments in diversified pedological contexts could help in identifying the soil characteristics in which
ancient varieties exhibit bigger and deeper root systems.

A key process for carbon storage is organic matter mineralization. At 60 days of incubation, we observed no difference
in CO2 emissions between ancient varieties and modern ones (Table 4). Therefore, this result invalidated our first
hypothesis (1b): there was no reduced carbon mineralization rate with ancient varieties. Shaposhnikov et al. (2016)
showed that the total amount of sugars (mostly fructose, glucose and maltose) exuded by modern varieties was three
to five times higher as compared to ancient varieties. But this possible increased exudation of simple sugars by
modern varieties did not lead to an increased mineralization rate during the incubation in our experiment, maybe
because these exudates were metabolized before the incubations. In addition, the root tissue composition of ancient
and modern varieties shows no or very weak differences (Shewry and Hey 2015).

When focusing on specific substrates with MicroResp™, we found the highest respiration rate for modern varieties (+ 
8.72% for fructose, Fig. 4 and Table 5). This difference in CO2 emissions was likely because other substrates than
fructose were driving the overall CO2 emissions. Some differences between these two methods could also be
important. The incubation time differs (6 h and 60 days, for MicroResp™ and incubations respectively). Moreover,
microorganisms involved in the first steps of C mineralization (r-strategists feeding on easily degraded substrates) are
not the same as the ones implied in later steps (K-strategist feeding on more complex substrates) (Fontaine et al. 2003
; Cayuela et al. 2009).

Effects of inputs on root system and mineralization rate
The presence/absence of inputs had no detected impact on root biomass and morphology. We thus rejected the
hypothesis that synthetic chemical inputs reduced root biomass and surface (2a) with consequences on carbon
storage. In the literature, some studies show a decrease in root growth with the addition of N (e.g. Wang et al., 2013),
interpreted as an adaptation based on the cost/benefit ratio. However, in a meta-analysis, Xia and Wan (2008) showed
that the addition of N stimulated the growth of roots, with an increase of 15.6% of the root biomass. This apparent
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contradiction can be explained by the fact that when nitrogen is supplied externally, the total energy budget of the
plant is changing, which can increase shoot and root biomass, or induce a different partitioning of resources between
shoots and roots. In our specific case, the effects due to the cost/benefit ratio and the increased energy budget could
cancel each other out. In addition, the availability of other soil nutrients and the stoichiometry of plant tissues (Sterner
and Elser 2002) could explain this discrepancy. Moreover, climate, particularly temperature, and plant functional types
are a strong determinant of root trait variation (Freschet et al. 2017).

The presence/absence of inputs had a significant effect on C mineralization (Table 3, Fig. 2). At the end of incubation
(Table 4, Fig. 3), 9% more CO2 had been emitted by soils that had received inputs (independently of G) as compared
with soils without inputs. We thus validated hypothesis 2b that the addition of inputs increases CO2 emissions from
the soil. Some previous studies have shown that the addition of N to soils can have variable effects on soil microbial
respiration, including increase, decrease, or unchanged rates of mineralization (Bowden et al. 2004; Traoré et al. 2007),
but despite possible negative priming effects (Kuzyakov et al. 2000), available organic carbon, nitrogen or phosphorus
addition generally increase microbial activity (Teklay et al. 2006).

When considered independently of the breeding type and depth, inputs were responsible for an effect on the respiration
of specific substrates: a decrease of 8.84% and 16.79% for fructose and alanine, respectively; and an increase of
19.1% for citric acid. For citric acid, the addition of inputs may have suppressed an N limitation and allowed
microorganisms to decompose recalcitrant C. For fructose and alanine, the decrease of respiration observed may be
due to a negative priming effect, described by Kuzyakov et al. (2000): the addition of N fertilizer may have led to a
preferred uptake of C-rich substrates by microorganisms. Dalenberg and Jager (1989), classified substances
depending on the type of priming effect they induced (positive or negative). The substrates chosen for this study are
classified as being potentially responsible for either a positive or a negative priming effect, but the mechanisms
responsible for a change in the sign of the effect are not understood. Since we added pesticides and fertilizer
simultaneously, complex effects likely emerge. The fungicide could have decreased the respiration for fructose and
alanine by disturbing β-glucosidase-producing fungi involved in the initial phases of decomposition of organic C
compounds (Plaza et al. 2004). It may have compensated the effect of N fertilizer supposed to increase C
mineralization.

Effects of phenotypic plasticity on root system and mineralization
rate
Phenotypic plasticity – “G⋅E” – describes the ability of a genotype (here a breeding type) to produce different
phenotypes in response to variation in environmental conditions (Gause 1947; Bradshaw 1965). Our experimental
design allowed us to assess whether the CO2 released was affected by the interaction between the breeding type and
the presence of inputs.

There was no effect of the interaction between the breeding type and the presence of inputs on root biomass and
morphology (Table 2) nor on the degradation of selected substrates (Table 5), but there was an effect of this
interaction on overall CO2 release (Table 4). For ancient varieties, total C release after 60 days of incubation increased
by 19% with the addition of inputs, whereas for modern varieties, the presence of inputs did not affect total C release.
We thus validated hypothesis 3b, that the effect of plant breeding type on mineralization rate is dependent on the
presence of inputs, not the 3a, since root biomass and morphology were not affected by the G⋅E interaction.
Differential response of root tissue mineralization to inputs addition between ancient and modern varieties is unlikely
due to a difference in tissue composition between the breeding types, which is very weak or null (Shewry and Hey
2015). It is more likely that this effect is due to a decreased intensity or diversity of catabolic activities of microbial
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communities from the rhizosphere of modern varieties, which did not take advantage of increased N availability. This
is supported by the study of Jacquiod et al. (2021) reporting a difference in microbial community structure between
ancient and modern varieties in a similar experiment.

Declarations

Acknowledgments
We thank Institut Agro Dijon for experimental facilities. We are grateful to Jean-Philippe Guillemin, Wilfried Queyrel and
Etienne Gaujour for their advice in wheat culture and the management of the experimental site. We thank Pauline
Souche-Suchovsky and Marie Spetebroot for their contribution to the study of root systems. We thank Graines de Noé,
especially Hélène Montaz, for providing the seeds of ancient varieties, as well as RAGT Semences, Secobra, Saaten
Union and Limagrain for providing the modern varieties. We are grateful to Jacques Le Gouis and François Balfourier
for providing the information about the origins of ancient varieties.

Funding
Laly Rouch was funded by the French Ministry of Agriculture. Experimental facilities were funded by the Institut Agro.

Competing Interests
The authors declare they have no conflict of interest.

Author Contributions
MB, LR and SF conceived the research. EP and LR carried out the experiment. LR, EP, FB and MB retrieved the soil and
roots in the field. LR and MB performed root morphology measures, LR and SF the MicroResp measures, CH and LR
the gas measures. LR performed statistical analyses and edited the figures and tables with the help of MB and SF. LR
wrote the paper with significant inputs from MB and SF. All authors read and approved the final manuscript.

Data Availability
The datasets generated during and/or analyzed during the current study are available from the corresponding author
on reasonable request.

References
1. Balesdent J, Basile-Doelsch I, Chadoeuf J et al (2018) Atmosphere–soil carbon transfer as a function of soil

depth. Nature 559:599–602. https://doi.org/10.1038/s41586-018-0328-3

2. Berry PM, Kendall S, Rutterford Z et al (2015) Historical analysis of the effects of breeding on the height of winter
wheat (Triticum aestivum) and consequences for lodging. Euphytica 203:375–383.
https://doi.org/10.1007/s10681-014-1286-y

3. Beyer S, Daba S, Tyagi P et al (2019) Loci and candidate genes controlling root traits in wheat seedlings-a wheat
root GWAS. Funct Integr Genomics 19:91–107. https://doi.org/10.1007/s10142-018-0630-z



Page 13/19

4. Blouin M, Barot S, Roumet C (2007) A quick method to determine root biomass distribution in diameter classes.
Plant Soil 290:371–381. https://doi.org/10.1007/s11104-006-9169-1

5. Bowden RD, Davidson E, Savage K et al (2004) Chronic nitrogen additions reduce total soil respiration and
microbial respiration in temperate forest soils at the Harvard Forest. For Ecol Manag 196:43–56.
https://doi.org/10.1016/j.foreco.2004.03.011

6. Bradshaw AD (1965) Evolutionary significance of phenotypic plasticity in plants. Advances in Genetics

7. Brisson VL, Schmidt JE, Northen TR et al (2019) Impacts of Maize Domestication and Breeding on Rhizosphere
Microbial Community Recruitment from a Nutrient Depleted Agricultural Soil. Sci Rep 9:15611.
https://doi.org/10.1038/s41598-019-52148-y

8. Campbell CD, Chapman SJ, Cameron CM et al (2003) A Rapid Microtiter Plate Method To Measure Carbon Dioxide
Evolved from Carbon Substrate Amendments so as To Determine the Physiological Profiles of Soil Microbial
Communities by Using Whole Soil. Appl Environ Microbiol 69:3593. https://doi.org/10.1128/AEM.69.6.3593-
3599.2003

9. Cayuela ML, Sinicco T, Mondini C (2009) Mineralization dynamics and biochemical properties during initial
decomposition of plant and animal residues in soil. Appl Soil Ecol 41:118–127.
https://doi.org/10.1016/j.apsoil.2008.10.001

10. Crutzen P (2002) The “anthropocene”. J Phys IV 12:1–5. https://doi.org/10.1051/jp4:20020447

11. Dalenberg JW, Jager G (1989) Priming effect of some organic additions to 14C-labelled soil. Soil Biol Biochem
21:443–448. https://doi.org/10.1016/0038-0717(89)90157-0

12. Dawkins R (1999) The Extended Phenotype: The Long Reach of the Gene. Oxford University Press

13. de la Fuente Cantó C, Simonin M, King E et al (2020) An extended root phenotype: the rhizosphere, its formation
and impacts on plant fitness. Plant J 103:951–964. https://doi.org/10.1111/tpj.14781

14. De Mendiburu F (2017) Package ‘Agricolae’: Statistical Procedures for Agricultural Research. R Package Version
12–4

15. Dignac M-F, Derrien D, Barré P et al (2017) Increasing soil carbon storage: mechanisms, effects of agricultural
practices and proxies. A review. Agron Sustain Dev 37:14. https://doi.org/10.1007/s13593-017-0421-2

16. Falconer DS (1989) Introduction to Quantitative Genetics. 3rd Edition, Longman Scientific and Technical, New York

17. FAO (2014) World reference base for soil resources 2014: international soil classification system for naming soils
and creating legends for soil maps. FAO, Rome

18. FAOSTAT (2016) Data on land use, retrieved April 10, 2020

19. Feller C, Favre P, Janka A et al (2015) Mathematical Modeling of the Dynamics of Shoot-Root Interactions and
Resource Partitioning in Plant Growth. https://doi.org/10.1371/journal.pone.0127905. PLOS ONE 10:

20. Fenwick DW (1940) Methods for the Recovery and Counting of Cysts of Heterodera schachtii from Soil. J
Helminthol 18:155–172. https://doi.org/10.1017/S0022149X00031485

21. Fontaine S, Mariotti A, Abbadie L (2003) The priming effect of organic matter: a question of microbial
competition? Soil Biol Biochem 35:837–843. https://doi.org/10.1016/S0038-0717(03)00123-8

22. Freschet GT, Valverde-Barrantes OJ, Tucker CM et al (2017) Climate, soil and plant functional types as drivers of
global fine‐root trait variation. J Ecol 105:1182–1196. https://doi.org/10.1111/1365-2745.12769

23. Friedlingstein P, Jones MW, O’Sullivan M et al (2019) Global Carbon Budget 2019. EARTH Syst Sci DATA 11:1783–
1838. https://doi.org/10.5194/essd-11-1783-2019

24. Gause GF(1947) Problems of evolution.Connecticut Academy of Arts and Sciences17–68



Page 14/19

25. Geisseler D, Scow KM (2014) Long-term effects of mineral fertilizers on soil microorganisms – A review. Soil Biol
Biochem 75:54–63. https://doi.org/10.1016/j.soilbio.2014.03.023

26. Gotti R, Amadesi E, Fiori J et al (2018) Differentiation of modern and ancient varieties of common wheat by
quantitative capillary electrophoretic profile of phenolic acids. J Chromatogr A 1532:208–215.
https://doi.org/10.1016/j.chroma.2017.11.058

27. Guo D, Mitchell RJ, Withington JM et al (2008) Endogenous and exogenous controls of root life span, mortality
and nitrogen flux in a longleaf pine forest: root branch order predominates. J Ecol 96:737–745.
https://doi.org/10.1111/j.1365-2745.2008.01385.x

28. Iannucci A, Fragasso M, Beleggia R et al (2017) Evolution of the Crop Rhizosphere: Impact of Domestication on
Root Exudates in Tetraploid Wheat (Triticum turgidum L.). Front Plant Sci 8:2124.
https://doi.org/10.3389/fpls.2017.02124

29. Intergovernmental panel on climate change (IPCC) (2019) Climate Change and Land. An IPCC Special Report on
climate change, desertification, land degradation, sustainable land management, food security, and greenhouse
gas fluxes in terrestrial ecosystems

30. Jacquiod S, Raynaud T, Pimet E et al (2021) Changes in wheat rhizosphere microbiota in response to chemical
inputs, plant genotype and phenotypic plasticity. https://doi.org/10.1101/2021.05.07.441152

31. Jobbagy EG, Jackson RB (2000) The vertical distribution of soil organic carbon and its relation to climate and
vegetation. Ecol Appl 10:423–436. https://doi.org/10.1890/1051-0761(2000)010[0423:TVDOSO]2.0.CO;2

32. Junaidi J, Kallenbach CM, Byrne PF, Fonte SJ (2018) Root traits and root biomass allocation impact how wheat
genotypes respond to organic amendments and earthworms. PLoS ONE 13:e0200646.
https://doi.org/10.1371/journal.pone.0200646

33. King JS, Thomas RB, Strain BR (1997) Morphology and tissue quality of seedling root systems of Pinus taeda and
Pinus ponderosa as affected by varying CO2, temperature, and nitrogen. Plant Soil 195:107–119.
https://doi.org/10.1023/A:1004291430748

34. Klein Goldewijk K, Beusen A, Doelman J, Stehfest E (2017) Anthropogenic land use estimates for the Holocene –
HYDE 3.2. Earth Syst Sci Data 9:927–953. https://doi.org/10.5194/essd-9-927-2017

35. Kuzyakov Y, Friedel JK, Stahr K (2000) Review of mechanisms and quantification of priming effects. Soil Biol
Biochem 32:1485–1498. https://doi.org/10.1016/S0038-0717(00)00084-5

36. Laitinen RAE, Nikoloski Z (2019) Genetic basis of plasticity in plants. J Exp Bot 70:739–745.
https://doi.org/10.1093/jxb/ery404

37. Laperche A, Devienne-Barret F, Maury O et al (2006) A simplified conceptual model of carbon/nitrogen functioning
for QTL analysis of winter wheat adaptation to nitrogen deficiency. Theor Appl Genet 113:1131–1146.
https://doi.org/10.1007/s00122-006-0373-4

38. Le Quere C, Moriarty R, Andrew RM et al (2015) Global carbon budget 2014. Earth Syst Sci Data 7:47–85.
https://doi.org/10.5194/essd-7-47-2015

39. Lemanceau P, Blouin M, Muller D, Moënne-Loccoz Y (2017) Let the Core Microbiota Be Functional. Trends Plant
Sci 22:583–595. https://doi.org/10.1016/j.tplants.2017.04.008

40. Mathew I, Shimelis H, Mutema M et al (2020) Crops for increasing soil organic carbon stocks – A global meta
analysis. Geoderma 367:114230. https://doi.org/10.1016/j.geoderma.2020.114230

41. McGowen EB, Sharma S, Deng S et al (2018) An Automated Laboratory Method for Measuring CO2 Emissions
from Soils. Agric environ lett 3:180008. https://doi.org/10.2134/ael2018.02.0008



Page 15/19

42. Nave LE, Vance ED, Swanston CW, Curtis PS (2009) Impacts of elevated N inputs on north temperate forest soil C
storage, C/N, and net N-mineralization. Geoderma 153:231–240. https://doi.org/10.1016/j.geoderma.2009.08.012

43. Noguchi K, Nagakura J, Kaneko S (2013) Biomass and morphology of fine roots of sugi (Cryptomeria japonica)
after 3 years of nitrogen fertilization. Front Plant Sci 4. https://doi.org/10.3389/fpls.2013.00347

44. Oyserman BO, Cordovez V, Flores SS et al (2021) Extracting the GEMs: Genotype, Environment, and Microbiome
Interactions Shaping Host Phenotypes. Front Microbiol 11:574053. https://doi.org/10.3389/fmicb.2020.574053

45. Plaza C, Hernández D, García-Gil JC, Polo A (2004) Microbial activity in pig slurry-amended soils under semiarid
conditions. Soil Biol Biochem 36:1577–1585. https://doi.org/10.1016/j.soilbio.2004.07.017

46. Pour-Aboughadareh A, Ahmadi J, Mehrabi AA et al (2017) Evaluation of Agro-Morphological Diversity in Wild
Relatives of Wheat Collected in Iran. J Agric Sci Technol 19:943–956

47. RStudio Team (2020) RStudio: Integrated Development for R. RStudio, Boston, MA

48. Scheu S, Parkinson D (1994) Changes in bacterial and fungal biomass C, bacterial and fungal biovolume and
ergosterol content after drying, remoistening and incubation of different layers of cool temperate forest soils. Soil
Biol Biochem 26:1515–1525. https://doi.org/10.1016/0038-0717(94)90093-0

49. Schmalhausen (1949) Factors of evolution: the theory of stabilizing selection. Blakiston, Oxford, England

50. Shaposhnikov A, Morgounov A, Akin B et al (2016) Comparative characteristics of root systems and root
exudation of synthetic, landrace and modern wheat varieties. Agricultural Biology 51:68–78. https://doi.org/doi:
10.15389/agrobiology.2016.1.68rus

51. Shewry PR, Hey S (2015) Do “ancient” wheat species differ from modern bread wheat in their contents of
bioactive components? J Cereal Sci 65:236–243. https://doi.org/10.1016/j.jcs.2015.07.014

52. Smucker AJM, McBurney SL, Srivastava AK (1982) Quantitative Separation of Roots from Compacted Soil Profiles
by the Hydropneumatic Elutriation System 1. Agron j 74:500–503.
https://doi.org/10.2134/agronj1982.00021962007400030023x

53. Stearns SC (1989) The Evolutionary Significance of Phenotypic Plasticity. Bioscience 39:436–445.
https://doi.org/10.2307/1311135

54. Sterner RW, Elser JJ (2002) Ecological stoichiometry: the biology of elements from molecules to the biosphere.
Princeton University Press, Princeton, NJ

55. Subira J, Ammar K, Alvaro F et al (2016) Changes in durum wheat root and aerial biomass caused by the
introduction of the Rht-B1b dwarfing allele and their effects on yield formation. Plant Soil 403:291–304.
https://doi.org/10.1007/s11104-015-2781-1

56. Teklay T, Nordgren A, Malmer A (2006) Soil respiration characteristics of tropical soils from agricultural and
forestry land-uses at Wondo Genet (Ethiopia) in response to C, N and P amendments. Soil Biol Biochem 38:125–
133. https://doi.org/10.1016/j.soilbio.2005.04.024

57. Traoré S, Thiombiano L, Millogo JR, Guinko S (2007) Carbon and nitrogen enhancement in Cambisols and
Vertisols by Acacia spp. in eastern Burkina Faso: Relation to soil respiration and microbial biomass. Appl Soil Ecol
35:660–669. https://doi.org/10.1016/j.apsoil.2006.09.004

58. UNITED STATES DEPARTMENT OF AGRICULTURE, USDA (2018) Agricultural Statistics 2018

59. Waines JG, Ehdaie B (2007) Domestication and crop physiology: Roots of green-revolution wheat. Ann Bot
100:991–998. https://doi.org/10.1093/aob/mcm180

60. Walters WA, Jin Z, Youngblut N et al (2018) Large-scale replicated field study of maize rhizosphere identifies
heritable microbes. Proc Natl Acad Sci USA 115:7368–7373. https://doi.org/10.1073/pnas.1800918115



Page 16/19

61. Wang G, Fahey TJ, Xue S, liu F (2013) Root morphology and architecture respond to N addition in Pinus
tabuliformis, west China. Oecologia 171:583–590. https://doi.org/10.1007/s00442-012-2441-6

62. Wilson J (1988) A review of evidence on the control of shoot-root ratio, in relation to models. Ann Botany 61:433–
449. https://doi.org/10.1093/oxfordjournals.aob.a087575

63. Xia J, Wan S (2008) Global response patterns of terrestrial plant species to nitrogen addition. New Phytol
179:428–439. https://doi.org/10.1111/j.1469-8137.2008.02488.x

Figures

Figure 1

Morphological root traits presented as reaction norms of ancient and modern wheat breeding types to the modification
of the environment by inputs (w/o: without inputs, (white marks; w: with inputs, black marks). Panels are respectively
showing: the root biomass at 0-15 cm (a) and 15-30 cm (e), the root average diameter at 0-15 cm (b) and 15-30 cm (f),
the root length at 0-15 cm (c) and 15-30 cm (g) and the root surface area at 0-15 cm (d) and 15-30 cm (h) mean ± se.
n=12 for each treatment
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Figure 2

Total CO2 accumulated during the 60 days of incubation for microcosms amended with wheat root residues from
modern (triangles) and ancient (circles) varieties in soil from 0-15 cm depth (a) and 15-30 cm depth (b). α = 0.05. mean
± se. n=11-12 for each treatment
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Figure 3

Total CO2 released after 60 days of incubation for microcosms amended with wheat root residues from modern
(triangles) and ancient (circles) varieties in soil without input (white marks) or with inputs (black marks). Significant
differences are represented by different letters. α = 0.05. mean ± se. n=11-12 for each treatment
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Figure 4

Respiration data from MicroResp™ plates, presented as reaction norms of ancient and modern wheat breeding types to
the modification of the environment by inputs (w/o: without inputs, white marks; w: with inputs, black marks). Panels
are respectively showing the respiration in presence of different substrates: Fructose at 0-15 cm (a) and 15-30 cm (d),
Alanine at 0-15 cm (b) and 15-30 cm (e) and Citric Acid at 0-15 cm (c) and 15-30 cm (f). Significant differences are
represented by different letters. α = 0.05. mean ± se. n=12 for each treatment
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