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Abstract
Sorghum currently contributes to the species portfolio that is supporting bioenergy 
production including anaerobic digestion. Although agro-morphological ideotypes 
maximizing biogas production have been recently proposed, there is a crucial need 
to refine our understanding of the impacts of the stem composition and structure 
on this processing trait in order to ensure genetic gains in the mid to long terms. 
This study aims to assess the potential of Sorghum bicolor ssp bicolor stem genetic 
diversity to maximize genetic gains for biogas production and define a biogas stem 
ideotype. In this context, a panel of 57 genotypes, encompassing most of the stem 
composition variability available in cultivated sorghum, was characterized over 
five sites. Simultaneous histological and biochemical characterizations were per-
formed. A high broad sense heritability associated with a moderate genetic vari-
ability was detected for stem biogas potential ensuring significant genetic gains 
in the future. In addition, the development of a stem histological phenotyping 
pipeline made it possible to describe the genetic diversity available for the inter-
node anatomy and the repartition of key cell wall components. Consistently with 
previous studies, moderate to high heritability was observed for stem biochemical 
components. Genetic correlation, hierarchical clustering, and multiple stepwise 
regression analyses identified soluble sugar content as the first main driver of bi-
ogas potential genetic variability. Nevertheless, breeding programs should antici-
pate that biogas yield improvement will also rely on the monitoring of the cell wall 
components and their distribution in the stem jointly with the soluble sugar con-
tent. According to the assets of sorghum in terms of adaptation to environmental 
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1   |   INTRODUCTION

The relevance of sorghum as a feedstock to support bioen-
ergy production has been underlined at the economic and 
environmental levels in the United States (Cai et al., 2013; 
Fertitta-Roberts et al., 2017; Fulton-Smith and Cotrufo, 
2019; Gautam et al., 2020; Moore et al., 2021; Oikawa et al., 
2015), China (Liu et al., 2015), Latin America (Almeida 
et al., 2019; Rezende & Richardson, 2017), Africa (Vries 
et al., 2012), and Europe (Jankowski et al., 2020; Shu 
et al., 2020; Szambelan et al., 2018; Vlachos et al., 2015). 
Jointly with its use in starch and soluble sugar-based first-
generation ethanol production (Szambelan et al., 2018), 
sorghum vegetative parts or even whole plants can also be 
used in second-generation ligno-cellulosic-based ethanol 
(Almeida et al., 2019; Mitchell et al., 2016; Rooney et al., 
2007) or anaerobic digestion (Barbanti et al., 2014; Pasteris 
et al., 2021; Shoemaker & Bransby, 2010; Thomas et al., 
2017), taking advantage of their structural carbohydrates 
reservoir. In addition to these biochemical processes, the 
thermochemical routes (including combustion) also con-
stitute possible strategies to ensure energy autonomy at 
various geographical scales.

Sorghum success is mainly due to its high level of 
drought tolerance (Zegada-Lizarazu et al., 2015), its high 
nutrients use efficiency (Hao et al., 2014), and its adap-
tation to a large array of environmental conditions, crop-
ping systems (sorghum can be cultivated as a main or 
second crop as exemplified for methane production by 
Garuti et al., (2020)) and uses. Sorghum genotypes with 
high biomass potentials and suitable to support the devel-
opment of biomass value chains in temperate (Amaducci 
et al., 2016) and semi-arid environments (Oikawa et al., 
2015) have already been identified. Sorghum also presents 
a large phenotypic diversity regarding biomass composi-
tion (Brenton et al., 2016; Niu et al., 2020; Trouche et al., 
2014) that constitutes a vector of adaptation to diverse bio-
mass value chains.

Among the different energy production processes, the 
development of anaerobic digestion is expected to con-
tribute significantly to energy autonomy at local level 
(Bourdin & Nadou, 2020) and to greenhouse gas emissions 

reduction (Brémond et al., 2020). Maximization of meth-
ane production yield through the development of sor-
ghum varieties targeting specifically this value chain is 
possible. It has been shown that sorghum genotypes har-
bor different abilities to produce methane (Mahmood & 
Honermeier, 2012; Mahmood et al., 2013; Pasteris et al., 
2021; Thomas et al., 2017; Windpassinger et al., 2015). In 
this context, optimization of breeding efforts requires a 
better definition of the sorghum biomethane ideotype to 
target. Previous works highlighted that the main driver 
of energy yield per hectare (either methane, ethanol, or 
calorific energy) corresponds to the dry matter yield per 
hectare (Carvalho & Rooney, 2017; Garuti et al., 2020), 
although an alternative biogas ideotype characterized by 
high contributions of panicles to total dry matter and ac-
cepting a lower dry biomass potential was also proposed 
(Windpassinger et al., 2015). Nevertheless, as breeding is 
an anticipation exercise, there is a pressing need to iden-
tify which traits will be able to maximize energy produc-
tion within these agro-morphological ideotypes.

It has already been shown that the primary compo-
nents of non-structural carbohydrates in sorghum are 
sucrose, fructose, glucose, and starch and that significant 
genetic variations are available for these traits as well as 
for the cell wall-related ones (Saballos, 2008). In addi-
tion, it is well known that the biochemical composition of 
the cell wall impacts methane yield (Monlau et al., 2012) 
through its effects on the hydrolysis potential of the lig-
nocellulosic biomass. Nevertheless, up to now, studies 
dealing with sorghum biomethane production mainly an-
alyzed the impacts of whole aboveground biomass yield, 
organ proportions (Windpassinger et al., 2015), and whole 
plant biomass quality on methane yield (Pasteris et al., 
2021) whereas they did not directly address the contribu-
tions of the stem biochemical and histological properties 
to the methane yield. As these two types of traits can have 
complementary impacts on the degradability of the bio-
mass, there is an obvious interest to clarify their specific 
effects on methane production potential and determine, 
if these effects are significant, a stem sorghum ideotype to 
maximize methane production potential.

Models at the intraspecific level were developed to 
predict the yield of different bioconversion processes 

stresses and the present results regarding the identification of stem ideotypes 
suitable for different value chains, this species will surely play a key role to opti-
mize the economic and environmental sustainability of the agrosystems that are 
currently facing the effects of climate change.

K E Y W O R D S

anaerobic digestion, animal feed, combustion, genetic diversity, heritability, ideotype, 
internode anatomy, sorghum, stem composition
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involving enzymatic hydrolysis. Vandenbrink et al., (2010) 
used a panel of 381 field-grown sorghum varieties to study 
whole plant enzymatic hydrolysis yield and El Hage et al., 
(2018) used 11 maize inbred lines to study cell wall digest-
ibility variability. This last study incorporated the use of 
internode histological traits to improve the description of 
the stem biomass properties. Moreover, this study high-
lighted that stem is the most important contributor to the 
whole aboveground maize biomass. The same holds true 
in the case of high-yielding biomass sorghum hybrids for 
which a panicle/stem ratio of 1:10 and a leaf/stem ratio 
of 1:4.5 were observed (Windpassinger et al., 2015). In 
addition, analyzing tissue-specific hydrolysis yield in sor-
ghum, Vandenbrink et al., (2013) underlined the highest 
performances of stems in relation to the leaves and sug-
gested that the development of biomass varieties should 
prioritize the maximization of stem biomass yield. To the 
best of our knowledge, no study aimed to precisely define 
a sorghum stem biochemical and histological ideotype 
that would maximize biomethane yield in order to sup-
port breeding efforts.

The first aim of this study was to determine if the stem 
methane potential can be optimized by taking advantage 
of the genetic variability available for this trait. The second 
aim was to explore the genetic correlations of biochemical 
and histological stem properties with stem biomethane 
potential in order to define a stem ideotype specifically 
targeting this processing trait. Third, the relationships 
between biomethane potential, in vitro dry matter digest-
ibility, and higher heating value (a proxy for combustion) 
and their specific determinants were analyzed to define 
whether different ideotypes should be developed for these 
targets.

2   |   MATERIALS AND METHODS

2.1  |  Plant material and experimental 
designs

A total of 57 genotypes were included in this study (Table 
S1). This panel (Panel57) encompasses 33 landraces that 
cover the five main sorghum races and include three 
converted landraces from the US Sorghum Association 
Panel (Casa et al., 2008). Breeding materials were also 
considered encompassing 20 genotypes originating from 
US Universities, EUROSORGHO, RAGT2N, and CIRAD 
breeding programs. These 20 genotypes include 15 paren-
tal lines and 5 experimental hybrids. In addition, four com-
mercial hybrids were considered. This panel covers the 
six genetic clusters that have been identified by Bouchet 
et al (2012) who analyzed a core collection encompass-
ing sorghum worldwide diversity. The accessions were 

also selected to maximize their genetic variability at the 
stem biochemical level according to the study of Trouche 
et al., (2014). In addition, the panel was enriched in breed-
ing and commercial material corresponding to the double 
purpose and industrial ideotype targets.

These genotypes were grown in five experimental tri-
als located in three sites of the Occitanie region (France) 
between 2012 and 2014. The three sites correspond to 
Montpellier (MPL, France, 43°39′02″N 3°52′35″E, highly 
calcareous clay-loam soil), Mondonville (MDN, France, 
43°40′41″ N 1°17′12″ E, calcareous clay-loam), and 
Rivières (RIV, France, 43°55′16″N 1°59′34.87″ E, calcare-
ous clay-loam). The patterns of water inputs and tempera-
ture evolution for the five experiments are provided in 
Figure S1. The number of genotypes evaluated in each trial 
varied between 23 and 30 (Table S1). In order to limit com-
petition between genotypes, they were established in the 
field according to their expected biomass production. Only 
one plot per genotype (an individual plot corresponding 
to 2–4 rows of 4–5 meters (depending on the considered 
trial) spaced at 0.6 m, with 18 seeds per linear meter) per 
experimental trial was produced and analyzed. For all the 
trials, the plants were harvested at the silage stage (dough 
grain). For all the genotypes, shoots originating from six 
healthy plants were harvested. The stems were separated 
from the leaves, tillers and panicles and crushed using a 
garden shredder VIKING GE335. The fresh ground mate-
rial obtained was then dried at 60℃ for 72 h. After drying, 
samples were grinded with a cutting mill (SM100, Retsch) 
with a 1-mm sieve to provide samples for biochemical 
characterization. At the same developmental stage, on the 
three trials established in Montpellier, four (MPL2014) to 
six (MPL2012, MPL2013) healthy additional plants were 
harvested for histological analyses. In MPL2012, the sec-
ond internodes below the flag leaf were harvested whereas 
in MPL2013 and MPL2014, the fourth internodes below 
the flag leaf were harvested (Table S2). The stem and in-
ternode samples were then characterized at the histolog-
ical, biochemical, and processing levels. A description of 
the traits is provided in Table S3.

2.2  |  Determination of histological traits 
at the internode level

As described in Perrier et al., (2017), sorghum internodes 
were transversely cut with a thickness of 90  µm, then 
stained with FASGA. This staining method allows to 
highlight internode regions with high lignin content (cell 
walls stained in red) and with high holocellulose con-
tent (cell walls stained in blue) (Tolivia & Tolivia, 1987). 
Based on this coloration, the area of the outer zone Z1 in 
% of the internode section area (percZ1), the percentage 



4  |      LAURENCE THOMAS et al.

of sclerenchyma tissue in the outer zone Z1 in % of Z1 
area (percSclZ1), the percentage of blue tissue in the inner 
region (Z2) of the internode in % of Z2 area (percBluZ2), 
the number of vascular bundle (VB) in the inner region 
Z2 (nbVBZ2), and the density in vascular bundles (dens-
VBZ2) in the same region were recorded.

2.3  |  Biochemical composition   
of the stem

Biochemical compositions of stem samples were esti-
mated by NIRS (near-infrared spectroscopy) using a NIR 
system 6500 spectrometer (FOSS NirSystem). The calibra-
tions available are based on whole aboveground biomass 
and stem samples (previously prepared as indicated in 2.1) 
that were analyzed using reference methods. Accuracies 
of prediction models including their R², SEC (Standard 
Error of Calibration), and SECV (Standard Error of Cross-
Validation) are provided in Table S3. Total mineral con-
tent (MM, mineral matter or ash) was determined by 
igniting at 550℃. Crude protein (CP) content was esti-
mated from the total nitrogen content (N) measured by 
Kjeldahl method, with the relationship CP  =  N* 6.25. 
Crude fiber content (CF) was derived according to the 
Weende method AAFCO 004.00. Soluble sugar fraction 
(SS) of the dry matter was estimated using the Luff Schoorl 
method. Fiber composition was assessed according to the 
sequential method of Van Soest et al., (1991) which meas-
ures neutral detergent fiber (NDF, AAFCO 009.07), acid 
detergent fiber (ADF, AAFCO 008.02), and acid detergent 
lignin (ADL) contents. Based on these results, hemicel-
lulose (HEMI = NDF-ADF) and cellulose (CEL = ADF-
ADL) contents were calculated. In addition, fiber fractions 
were also expressed as proportions of NDF, in order to 
characterize the quality of the fiber per se independently 
of the soluble carbohydrate and NDF that largely impact 
their absolute values. These additional variables were cal-
culated as follows: for cellulose: CVS_in_NDF  =  CEL/
NDF*100, for hemicellulose: HEMI_in_NDF  =  HEMI/
NDF*100, and for lignin: ADL_in_NDF = ADL/NDF*100.

2.4  |  Characterization of processing 
traits at the stem level

Three types of processing traits were analyzed. Digestibility-
related traits were first considered as they constitute the pri-
mary targets of forage sorghum breeding programs. These 
traits are expected to present positive correlations with the 
biomethane potential which constitutes the main target of 
this study. In addition, higher heating value (also called 
gross energy, GE) was characterized as it constitutes a good 

proxy to determine the relevance of the considered biomass 
to produce energy in combustion scenario (Van Meerbeek, 
Appels, Dewil, Calmeyn, et al., 2015). Processing traits of 
stem samples were estimated by NIRS using the same NIR 
system as for the biochemical composition. For the in vitro 
dry matter digestibility (IVDMD) and the gross energy 
(GE), the calibrations are based on whole aboveground bio-
mass and stem samples that were analyzed using the fol-
lowing reference methods. In vitro dry matter digestibility 
(IVDMD) of stem samples was measured according to an 
enzymatic method with cellulase and pepsin (Aufrère et al., 
2007). In addition, in vitro NDF digestibility (IVNDFD) 
was calculated from IVDMD as follows: IVNDFD = 100−
(IVDMD−((100−MM)-NDF))/NDF. IVNDFD represents 
the potential degradation of fiber in ruminants.

Higher heating value (or gross energy: GE) of the stem 
samples was measured from complete combustion of the sam-
ples in a bomb calorimeter (IKA C2000, IKA-Werke GmbH).

To estimate biomethane potential (BMP), the FlashBMP 
NIRS calibration (Ondalys, France) was used. It is based on 
more than 600 substrates including agro-industrial waste, 
green waste, energy crops, municipal solid waste, sludge, 
and digestate samples leading to build a robust and accu-
rate model following the method described by Lesteur et al., 
(2011). The FlashBMP value is predicted in NmLCH4g−1.
VS and was converted in NmLCH4g−1.DM expressed in 
normal conditions (0℃, 1.013  bar) and per gram of DM 
(NmLCH4g−1) following the formula: BMP_DM = BMP_
VS*(DM-MM)/DM where VS is the volatile solid content 
(g/g raw matter), DM the dry matter, and MM the min-
eral matter (in %DM). Unless explicitly specified the BMP 
expressed according to the dry matter (BMP_DM) will be 
considered in the following sections of this work (using the 
BMP abbreviation). NIR spectra were acquired on the NIR 
system 6500  spectrometer (FOSS NirSystem, Laurel, MD, 
USA) and transformed according to the method described 
by Chauvergne et al., (2020) in order to be used as input of 
the FlashBMP NIRS calibration model.

Accuracy of prediction models for the processing traits 
including their R², SEC (standard error of calibration), 
and SECV (standard error of cross-validation) are pro-
vided in Table S3.

2.5  |  Data analysis

2.5.1  |  Three panels of genotypes

Three panels of genotypes (Table S1) were considered in 
order to take advantage of the network of trials that had 
been established. A set of 21 genotypes (Panel21) available 
in at least three different trials was first considered in order 
to aggregate the three types of variables (biochemical, 
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histological, and processing related traits). A second set 
of 29 genotypes (Panel29) corresponding to the whole set 
of genotypes analyzed at the histological level (but also at 
the biochemical and processing levels) was considered to 
explore the global diversity available for this type of traits. 
Finally, the complete dataset (Panel57) was considered in 
order to analyze the relationships between the stem bio-
chemical composition and the processing related traits on 
the largest panel available. The raw phenotypic datasets 
are provided in Table S4 (biochemical and processing 
traits) and Table S5 (histological traits).

2.5.2  |  Variance components and broad sense 
heritability estimations

All the statistical analyses and graphics were performed 
using the R software (R Core Team, 2018). The same 
mixed model was used for the different datasets, specifi-
cities arose for the broad sense heritability calculations 
depending on the considered traits as the numbers of rep-
lications per genotype per site were not always the same 
(Table S3 and S4).

The linear mixed model considered was the following

With Yijk corresponding to the phenotypic value of the k 
replicate of the genotype i on the experimental trial j with 
Gi corresponding to the random effect of the genotype i, Ej 
corresponding to the fixed effect of the experimental trial j 
(each experiment corresponding to one specific environ-
ment: 1 site for 1 year), GEij corresponding to the random 
interaction term between the genotypic effect i and exper-
imental trial effect j, and eijk corresponding to the random 
error term. These analyses were performed with the lme4 
R package and the best linear unbiased predictors (blup) of 
each genotype effect were extracted using the ranef function.

According to the variance components estimates of 
these models, broad sense heritability (h²bs) was calcu-
lated as σ2

g/(σ2
g + σ2

ge/e + σ2
r/(e.r)) with σ2

g correspond-
ing to the genetic variance, σ2

ge corresponding to the 
variance of genotype × experimental trial interactions, σ2

r 
corresponding to the residual variance, e corresponding 
to the number of experimental sites, and r corresponding 
to the number of replicates within sites. The number of 
replicates within site was dependent on the considered 
traits (five in average for histological data and one in aver-
age for biochemical and biomethane-related traits).

Blup values extracted from the mixed models obtained 
from Panel29 and Panel57 were used to explore the proper-
ties of the five genotypes harboring the lowest and highest 
values for the four processing traits considered. The low 

and high groups of each processing trait (five low and five 
high genotypes in each group) were compared for their 
histological (Panel29) and biochemical traits (Panel 29 and 
57) through one factor analyses of variance considering a 
fixed group effect. In addition, the response of each group 
for the three other processing traits was also analyzed. To 
illustrate the properties of the low and high groups, radar 
charts based on the mean values of each group were built 
using the radarchart function from fmsb package.

2.5.3  |  Multivariate analyses

Three types of correlations were calculated. Firstly, correla-
tions between the phenotypic values obtained for a given 
trait in the different trials (rTraitEi-TraitEj) were calculated to 
estimate the stability of the ranking of the genotypes be-
tween trials. Secondly, correlations between different traits 
in a given trial (rTrait1Ei-Trait2Ei) were calculated for the differ-
ent trials to evaluate the stability of correlations over trials. 
Thirdly, correlations between genotypic values extracted 
from the mixed model presented earlier were calculated. All 
correlation analyses were performed with the rcorr func-
tion of the Hmisc package and a critical value α of 0.05 was 
used for testing significance of these correlations.

Analysis of the effects of the midrib color (provided in 
Table S1) used here as proxy of the Dry gene alleles (Xia 
et al., 2018, only the white and green midribs were consid-
ered in this context) on the different traits was also per-
formed by one factor ANOVA analysis.

Clustering analyses were also performed to better ex-
plore the behavior of the different genotypes using the 
hclust function of R stats package. Blup values of all the 
variables listed in Table 1 with the exceptions of CF and 
ADF (as CF is highly correlated to NDF and ADF is fur-
ther divided in ADL and cellulose content) were consid-
ered to perform these clustering exercises.

Finally, stepwise regression analyses were performed in 
order to identify the most parsimonious combinations of traits 
able to explain the genetic variability (i.e., of blup values) ob-
served for the four processing related traits. The R caret pack-
age was used, taking advantage of the train function. Briefly 
for each processing trait, linear regressions with stepwise se-
lection were performed and the best models for each size of 
explanatory variable sets (from 1 to n-1, with n being the total 
number of explanatory variables) were tested. For each op-
timal set of different sizes, 10-fold cross-validation was used 
to estimate their average prediction error (RMSE) and the 
model harboring the lower RMSE was selected. According to 
the limits of the stepwise regression strategy used (that does 
not consider the significance of the effects of the different 
variables in the model) and our objective to understand the 
variability of the processing trait (and not to predict them), 

Yijk = � + Gi + Ej + GEij + eijk
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the variables included in the most parsimonious models iden-
tified were also characterized according to the significance of 
their effects on the processing traits. For each processing trait, 
the stepwise regression analyses were performed on Panel29 
(including biochemical and histological variables) and on 
Panel57 (including only biochemical variables).

3   |   RESULTS

3.1  |  Phenotypic variabilities observed 
between the different experimental trials

A total of 57  genotypes were analyzed for biochemical 
and processing traits of the stem in five experimental tri-
als. For a given trait, the levels of phenotypic variability 
(PCV) observed in the different experiments were con-
sistent. However, different patterns of phenotypic diver-
sity were observed among the traits (Table 1). Among 
the dry matter composition traits, CF and NDF exhib-
ited the lowest phenotypic diversities (PCV around 15%). 
Regarding fiber composition-related traits, the highest 
phenotypic variabilities were observed for the lignin con-
tents (ADL and ADL_in_NDF) and the lowest ones for 
the hemicellulose contents (HEMI and HEMI_in_NDF). 
For the processing properties, highly divergent patterns 
of phenotypic variability were observed. BMP presented 
an average PCV across sites of 10% whereas digestibility-
related traits harbored two (IVDMD) to five (IVNDFD) 
times higher variability levels. GE exhibited the lowest 
variability observed overall.

For the histological traits, all the genotypes presented a 
similar internode organization plan composed of two main 
anatomical zones (Figure 1). The outer zone Z1 is charac-
terized by a lignified epidermis and vascular bundles (VB) 
surrounded by a sclerenchyma with thick lignified cell wall. 
The inner zone Z2 is mainly composed of parenchyma cells 
and VB. Phenotypic variabilities ranging from 20% to 30% 
in average were observed with the exception of percbluZ2 
that exhibited consistently extremely large phenotypic coef-
ficient of variations across sites (from 72% to 99%).

Considering all the biochemical and processing traits, 
the average correlation observed between environments 
for a given trait was 0.69, with an average P value (P) of 
0.036 across all the traits (Figure S2, Table S6). Considering 
specifically BMP, phenotypic correlations between trials 
ranged from 0.50 to 0.79 with all but one P being signifi-
cant at the 0.05 critical threshold.

For histological traits, the average phenotypic correla-
tions between sites for a given trait ranged from 0.4 for 
percSclZ1 (average P of 0.36) to 0.82 for nbVBZ2 (average 
P of 0.002) (Table S7). Apart from percSclZ1 for which the 
results from the MPL_2014 experiment appeared atypical, 

the phenotypic values observed across the experiments 
were highly consistent (Figure 2).

3.2  |  Broad sense heritability and genetic 
coefficients of variation

Broad sense heritability was computed for the three pan-
els of 21, 29, and 57  genotypes (Table 2). Heritability 
estimates were consistent across the different panels. 
Heritability over 0.85 was observed for most of the traits 
with CVS_in_NDF exhibiting the lowest values (from 0.66 
to 0.79) and IVNDFD exhibiting the highest ones (from 
0.94 to 0.96). Large differences were observed between 
traits for the levels of genetic variance.

For histological traits, heritability ranging from 0.42 
to 0.94 was observed, these values being consistent be-
tween the two panels of 21 and 29  genotypes. PercZ1 
presented a high broad sense heritability accompanied 
by a moderate level of genetic variability (13%). The 
lowest heritability was observed for percSclZ1 (0.42 and 
0.48) in accordance with the atypical result obtained 
in MPL_2014 trial. PercbluZ2 presented the highest 
level of genetic variability (53–58%) across all the con-
sidered traits associated with a high broad sense her-
itability (0.76–0.77). Finally, nbVBZ2 exhibited a high 
heritability associated with a large genetic variance 
(h²bs = 0.88–0.94 and GCV = 22.6–27.1%) whereas dens-
VBZ2 presented lower estimates (h²bs = 0.65–0.66 and 
GCV = 14.9–16.3%).

3.3  |  Genetic correlations between traits

According to the genetic values (blup) of each genotype, 
genetic correlations between traits were estimated. As 
a first step, correlations between processing traits were 
analyzed (Figure 3a). A significant positive correlation 
was observed between BMP and IVDMD (rg  =  0.75, 
p < 0.001) whereas a nonsignificant correlation was ob-
served between the BMP and GE (rg = −0.01, p = 0.9). 
As a second step, genetic correlations between process-
ing and biochemical traits were explored (Figure 3b). 
A highly significant positive genetic correlation was 
observed between BMP and SS (rg = 0.9, p < 0.001), all 
the germplasm types following exactly the same pat-
tern (Figure 3c). Accordingly, highly negative correla-
tions were observed between BMP and CF (rg = −0.76, 
p  <  0.001) and NDF (rg  =  −0.85, p  <  0.001). Overall, 
correlations observed between BMP and the stem bio-
chemical components in sorghum are consistent with 
the ones reported for maize on whole aboveground bio-
mass (Rath et al., 2013). It is also interesting to mention 
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that none of the proportions of cellulose, hemicelluloses, 
or lignins of the NDF were correlated to BMP. IVDMD 
globally presented the same pattern of correlations as 
BMP with a higher impact of the cell wall content com-
pared to the soluble sugars and significant impacts of the 
relative contents of the different cell wall components 
(CVS_in_NDF: rg  =  −0.55, p  <  0.001, HEMI_in_NDF: 
rg = 0.68, p < 0.001). The highest correlations detected 
for GE involved the lignin-related traits (ADL: rg = 0.81, 
p < 0.001 and ADL_in_NDF: rg = 0.84, p < 0.001) and 
MM (rg = −0.83, p < 0.001).

In order to reach a better understanding of the traits 
contributing to the genetic variabilities of the processing 
traits, residues of the linear models involving the main 
biomass components (Table S8) affecting these traits 
were also analyzed (Figure 3a). For BMP, analysis of the 

residues of SS content revealed significant correlations 
with the lignin content (ADL and ADL_in_NDF) and 
CP (Figure 3b). Slightly different correlations (different 
slopes) between the BMP residues and these variables 
were observed in the breeding material and landraces 
compartments (Figure 3c). The same results with an addi-
tional positive correlation of CVS_in_NDF were observed 
for IVDMD adjusted to ADF.

As a third step, correlations involving histological, bio-
chemical, and processing traits were also explored (Figure 
4, Table S8). Among histological traits, a negative correla-
tion (rg = −0.38, p = 0.045) was detected between percSclZ1 
and percbluZ2. In addition, a significant negative correla-
tion was observed between percZ1 and nbVBZ2 (rg = −0.47, 
p = 0.01). Regarding the genetic relationships of histologi-
cal and biochemical traits, highly positive correlations were 

F I G U R E  1   Histological cross section stained by Fasga of the internodes of the stem of the main shoot of the 29 genotypes characterized 
on the different sites. The yellow line delimits the border between zone 1 (Z1, external zone) and zone 2 (Z2, internal zone) of the internode. 
Genotypes are ranked according to their percentage of sclerenchyma in the outer Z1 region (percSclZ1). The genotype G00007 (IS26731) 
presented the lowest percentage whereas G00083 (IS30417) presented the highest value. The variance component analysis confirmed that 
these differences are highly dependent of the genotype, heritability ranging most of the time between 0.6 and 0.8 being obtained for the 
different histological traits. The scale bars on the bottom right side of the internode sections correspond to 1000 µm
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observed between perSclZ1 and the less digestible fractions 
of the biomass (CF: rg = 0.62; p < 0.001, NDF: rg = 0.55, 
p < 0.001). Opposite trends were observed for percbluZ2, 
that presented highly negative correlations with these same 
traits and especially with the lignin content of the fibers 
(ADL_in_NDF: rg  =  −0.74, p  <  0.001). DensVBZ2 pre-
sented positive correlations with ADL (rg = 0.44, p = 0.015) 
and ADL_in_NDF (rg = 0.48, p = 0.008).

Significant correlations were also detected between 
the histological traits and processing related traits. 
Negative correlations were observed between percSlcZ1, 
IVDMD (rg = −0.58, p < 0.001), and IVNDFD (rg = −0.51, 
p < 0.005) whereas positive ones were observed between 
percbluZ2 (rg  >  0.6, p  <  0.0005), nbVBZ2 (rg  >  0.27 
with a significant P for IVDMD and nonsignificant P for 
IVNDFD), and these two processing traits. For GE, an 
opposite correlation pattern was observed with the his-
tological traits mentioned above in comparison to the 
digestibility-related traits.

3.4  |  Hierarchical clustering analyses

The hierarchical clustering analysis based on the 
29  genotypes analyzed at the histological, biochemi-
cal, and processing levels (Figure 4) revealed two main 
groups of traits “T29_1” and “T29_2”. “T29_2” group 
includes traits positively correlated to biomass and 
cell wall digestibility-related traits (IVDMD, BMP, 
IVNDFD). They correspond to biochemical traits like 
SS, HEMI_in_NDF, and CP. In addition, histological 
traits like nbVBZ2 and percbluZ2 also correlate posi-
tively with the degradability-related traits. At the op-
posite, the “T29_1” group includes traits negatively 
correlated to the degradability of the biomass and of 
the cell walls such as the lignocellulosic components 
(NDF, CF, ADF, CEL, ADL). At the histological level, 
percSclZ1 and densVBZ2 also correlate negatively to the 
degradability-related traits. The hierarchical clustering 

F I G U R E  2   Phenotypic correlations between years for the histological variables measured on the internodes (see also Table S7 for 
details). (a) Comparisons of the phenotypic correlations observed between years for the different histological variables. (b), (c), (d), (e), (f): 
Variabilities observed between the years for the different histological variables. Germplasm types are indicated by different symbols and the 
combinations of experiments considered are indicated with different colors. Regression lines for each combination of experiments are also 
provided
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T A B L E  2   Broad sense heritability and genetic variance estimates over the different panels (21, 29, and 57 genotypes)

Trait type Trait

Panel 21 genotypes Panel 29 genotypes Panel 57 genotypes

h²bs GCV(%) h²bs GCV(%) h²bs GCV(%)

Stem Dry matter composition MM 0.89 31.78 0.90 31.45 0.93 36.46

CP 0.82 23.84 0.88 29.31 0.86 28.08

SS 0.88 37.97 0.88 34.34 0.88 33.66

CF 0.92 14.84 0.92 14.73 0.91 14.44

NDF 0.90 12.25 0.90 12.27 0.90 12.09

Stem Fiber composition ADF 0.90 15.51 0.90 15.92 0.89 15.26

CVS 0.90 14.71 0.90 14.58 0.88 14.38

HEMI 0.84 9.85 0.85 9.79 0.85 10.09

ADL 0.91 25.20 0.93 30.02 0.91 27.54

CVS_in_NDF 0.74 3.37 0.79 3.49 0.66 3.15

HEMI_in_NDF 0.83 6.83 0.87 7.73 0.81 6.71

ADL_in_NDF 0.89 17.46 0.93 22.50 0.91 21.43

Stem processing properties IVDMD 0.93 18.84 0.94 18.61 0.93 16.59

IVNDFD 0.94 37.32 0.95 38.49 0.96 39.92

GE 0.87 1.51 0.91 1.81 0.93 2.07

BMP 0.87 8.72 0.87 8.06 0.86 7.96

Internode anatomy percZ1 0.79 13.06 0.81 12.93

percSclZ1 0.42 11.29 0.48 11.14

percbluZ2 0.76 58.43 0.77 53.93

nbVBZ2 0.88 22.57 0.94 27.05

densVBZ2 0.65 16.28 0.66 14.89

F I G U R E  3   Genetic correlations between processing related traits and stem composition biochemical traits. (a) Correlations between 
processing traits, (b) Correlations between processing and biochemical traits only the correlations significant at the 0.05 critical threshold 
are provided (see also Table S8 for more details). (c) Correlations between BMP and its main biochemical contributors
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analysis also allowed the detection of four main groups 
of genotypes (G29_A to G29_D, Table S9). G29_A 
and G29_B groups are characterized by low biomass 
and cell wall degradabilities associated with low BMP 
(Figure 4c). Whereas G29_C and G29_D harbored the 
same high levels of IVDMD, they differed significantly 
regarding BMP and IVNDFD. G29_C is characterized 
by the highest IVNDFD likely in relation with its high 
frequency of genotypes harboring brown midrib alleles 
(G00195, G00086, and G00196) that translate in the low-
est ADL_in_NDF (Figure S3) while G29_D presents the 
highest BMP. The superiority of G29_D for BMP can be 
putatively linked to its high level of soluble sugar con-
tent (Figure S3). The G29_B group harbors the lowest 
degradability (IVDMD and IVNDFD) and it is enriched 
in bicolor and guinea genotypes.

A hierarchical clustering analysis was also per-
formed based on biochemical and processing traits 
obtained on Panel57. This analysis allowed the detec-
tion of three main genotype clusters that can be further 
subdivided in six subclusters (Figure S4, Table S10). 
A large similarity of the two hierarchical clustering 

exercises (based on Panel29 and Panel57) was revealed. 
Almost all the genotypes included in the G29_C and 
G29_D clusters were included in the G57_C cluster, 
these three clusters being characterized by high BMP 
and biomass digestibilities. In contrast, almost all the 
genotypes from the G29_A and G29_B clusters were 
allocated to the G57_A and G57_B clusters, these four 
clusters harboring low biomass digestibility and BMP. 
The largest diversity covered in Panel57 also allowed 
to refine some patterns. Consistently with the cluster-
ing exercise performed on Panel29, only one bmr gen-
otype (G00196) was included in the high BMP cluster 
of Panel57 (G57_C) revealing that low lignin content is 
not strictly required to maximize BMP. In addition, the 
low BMP cluster of Panel57 (G57_A) is highly enriched 
in breeding materials and commercial hybrids whereas 
the high BMP cluster (G57_C) benefited of a larger con-
tribution of the landraces (50% in comparison to 27% 
in G57_A). The properties of the clusters identified on 
Panel57 are described in Figure S5 for the global stem 
dry matter-related traits and Figure S6 for the cell wall-
related traits.

F I G U R E  4   Genetic relationships between the stem histological, biochemical and processing traits. A) Genetic correlations between 
the processing traits and the stem biomass composition related traits, only the correlations significant at the 0.05 critical threshold are 
provided. B) Hierarchical clustering analysis of the histological, biochemical and processing related traits for the 29 genotypes analyzed 
jointly for these three types of traits. Red cells indicate low values whereas yellow ones correspond to high values. Pie charts on the left side 
indicate the proportions of accessions in each group harboring the different midrib colors (green stands for green midrib, white stands for 
white midrib, yellow stands for yellow midrib and brown stands for brown midrib (bmr)). C) Variability of the industrial related traits (top 
line) and of the histological traits between the genotype's clusters identified. Different letters over the boxplots indicate that the clusters 
significantly differ in relation with the considered trait (p<0.05)
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3.5  |  Characterizing genotypes harboring 
extreme values for processing traits

With the aim to contribute to the identification of stem ideo-
types maximizing the performances for the four processing 
traits considered, genotypes harboring the lowest and high-
est blup values for these traits were identified (Table S9 and 
Table S10). Differences between the two groups (five geno-
types were considered for each) were characterized through 
one factor analysis of variance. These analyses were per-
formed on Panel29 taking advantage of biochemical and 
histological traits (Figure 5 and Figure S7) and on Panel57 
considering exclusively biochemical traits (Figures S8 and 
S9). These analyses allowed to highlight several differences 
in terms of behavior for BMP and IVDMD extreme groups. 
Firstly, a larger effect on SS was detected for BMP compared 
to IVDMD (Figure 5 and Figure S8). Secondly, all the rela-
tive proportions of the fiber components (CVS_in_NDF, 
HEMI_in_NDF and ADL_in_NDF) were significantly dif-
ferent between the extreme groups for IVDMD, but only 

CVS_in_NDF was marginally significant between the two 
BMP groups. Thirdly, IVDMD and BMP extreme groups 
differed in relation to their histological related traits. For 
IVDMD, significant differences were observed for percSclZ1, 
percbluZ2, and nbVBZ2 whereas only this last variable was 
significantly different between the extreme groups of BMP.

3.6  |  Multiple linear regression analyses 
with stepwise selection

In order to reach a better understanding of the biochemi-
cal and histological traits impacting processing traits, 
multiple linear regression analyses with stepwise selec-
tion were performed for the 29 genotypes and 57 geno-
types panels (Table 3). Compared with the approach 
developed in the previous paragraph 3.5, this strategy 
takes advantage of the whole set of genotypes analyzed 
and hence of the global genetic diversity analyzed. These 
analyses aimed at identifying the main biochemical and 

F I G U R E  5   Comparisons of the top5 and low5 genotypes for BPM and IVDMD based on Panel29 regarding their processing, 
biochemical, and histological properties. Radar plots of the biochemical and histological traits are provided for both processing traits, (a): 
BMP, (b): IVDMD. The green areas indicate the mean values of the top5 genotypes whereas the pink ones indicate the mean values of 
the low5 genotypes. (c) Log10(pvalues) of the group effect (low5 vs. top5) are indicated on the right panel. The red bars correspond to the 
Log10(Pvalues) of the group effect for BMP and the green ones correspond to the Log10(Pvalues) of IVDMD. The dashed red line indicates 
the critical significance threshold p = 0.05
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histological traits contributing to the variability of the 
processing targets considering their covariances. For 
BMP, analysis of Panel57 highlighted the major impacts 
of four biochemical related traits, namely, SS, ADL, MM, 
and CVS_in_NDF, with ADL and MM exhibiting the 
largest effects. Addition of histological related traits did 
not improve the prediction model. For IVDMD, the same 
pattern was observed, the best model involving exclu-
sively biochemical traits with a much lower impact of SS. 
Results were slightly different for IVNDFD and GE for 
which better prediction models were obtained through 
the inclusion of histological related traits (percbluZ2 and 
percSclZ1 respectively).

4   |   DISCUSSION

As underlined by Xu et al., (2019), improving plant bio-
mass composition toward their use for biogas production 
presents several advantages compared to the optimization 
of biomass pretreatment. Indeed, this strategy does not re-
quire additional energy nor chemical inputs, it produces no 
toxic by-products and causes less pollution to the environ-
ment. With the aim to determine a sorghum stem ideotype 
maximizing methane production potential, the variabil-
ity of this trait was explored over a panel of 57 genotypes 
including landraces, breeding material, and commercial 
hybrids. This analysis was focused on methane produc-
tion potential per stem dry matter unit in order to allow an 
in-depth analysis of this yield component independently 
of the total dry matter production. Through this analysis, 
the explorations initiated by Mahmood and Honermeier 
(2012) (5 cultivars), Mahmood et al., (2013) (14 cultivars), 
Windpassinger et al., (2015) (13 cultivars), and Pasteris 
et al., (2021) (6 cultivars) on whole plant samples were 
extended to a larger set of sorghum genotypes and specif-
ically targeted toward the stem compartment which repre-
sents 70–40% of the dry biomass yield for this category of 
sorghum cultivars. The genetic parameters of biomethane 
potential at the stem level were estimated in order to assess 
the selection ability for this trait. In addition, multivari-
ate analyses were performed to identify the combination 
of traits that could maximize BMP. The discussion section 
will be articulated around three parts. Firstly, the genetic 
determinism of biomethane production will be discussed. 
Secondly, lessons based on the structure of the genetic vari-
ability (i.e., race, germplasm type effects) revealed for his-
tological traits and the usefulness and challenges linked to 
this type of traits will be presented. Thirdly, biochemical, 
histological, and biomethane production results will be in-
tegrated toward the definition of a stem methane ideotype 
for sorghum and its comparison with ideotypes targeting 
animal feed and combustion.

4.1  |  Biomethane potential can be 
improved through optimization of specific 
stem traits

The phenotypic variability observed for stem biometh-
ane potential over the 57  genotypes analyzed (ranging 
from 192 to 342  NmLCH4.gDM

−1, corresponding to 205–
355  NmLCH4.gVS

−1) is in accordance with the ones pre-
viously reported for the whole aboveground biomass 
that range from 232 to 427  NmLCH4.gVS

−1 (Mahmood & 
Honermeier, 2012; Mahmood et al., 2013; Pasteris et al., 
2021; Sambusiti et al., 2013; Windpassinger et al., 2015). 
Consistently with the significant genotype effect reported 
in these studies, high broad sense heritability (ranging 
from 0.86 to 0.87) combined with moderate coefficients 
of genetic variation (8% in average) were observed at the 
stem level. According to these results, maximization of 
methane production potential based exclusively on the 
stem compartment, taking advantage of the genetic diver-
sity available in Sorghum bicolor ssp bicolor, is a relevant 
option. Genotypes harboring the highest stem biometh-
ane production per unit of dry matter include landraces 
that can provide additional relevant alleles to the breed-
ing material. Breeding for biomethane potential will ben-
efit of the high throughput phenotyping tools already 
available to directly characterize this processing trait 
(Chauvergne et al., 2020), but also as described in the two 
following sections, from the tools developed to character-
ize the stem properties.

Beside methane production potential, in vitro dry mat-
ter digestibility and cell wall digestibility variabilities were 
also analyzed. For these last two processing traits, broad 
sense heritability and phenotypic variabilities obtained 
are in accordance with the results reported by Trouche 
et al., (2014). Genetic correlation analyses revealed strong 
links between the stem dry matter digestibility and the 
stem methane production potential allowing the use of 
stem digestibility estimates to predict, as a rough proxy, 
the methane potential. However as indicated in the next 
sections, different ideotypes need to be targeted to maxi-
mize the gains for both traits.

High broad sense heritability was also observed for 
the higher heating value, but conversely to the methane 
potential and stem digestibility traits, this processing trait 
exhibited a limited genetic variability. Additional infor-
mation is required from the thermochemical production 
routes (and more specifically combustion) to evaluate if 
the genetic variability available in sorghum for gross en-
ergy would be sufficient to allow genetic gains relevant for 
this type of second-generation bioenergy.

As a significant genetic variability exists for stem 
methane production potential, identification of the stem 
properties contributing to this trait will provide specific 
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strategies to optimize its selection. In order to reach a bet-
ter understanding of the stem structure, its histological 
variability was analyzed.

4.2  |  Genetic variability of 
histological traits

Moderate to high broad sense heritability associated with 
genetic coefficients of variation over 10% was observed for 
all the histological traits These results confirm the detec-
tion of significant genotype effects in previous studies per-
formed by Perrier et al., (2017) and Luquet et al., (2019) 
on narrower panels of genotypes (2 and 8, respectively). 
Although histological analyses were only performed on 
one site over 3 years, questioning the existence of geno-
type by site interactions, the medium to high inter-year 
correlations observed combined with the weak effects of 
genotype by year and genotype by water availability treat-
ments reported by Luquet et al., (2019, see their Table 5) 
suggest a relatively stable ranking of the genotypes across 
environmental conditions. Broad sense heritability ob-
served for the outer Z1 region area roughly corresponds 
with the repeatability reported by Gomez et al., (2018) on 
sorghum for their “rind area” trait (0.72). It is also inter-
esting to note the difference detected between the num-
ber of vascular bundles and their density in the Z2 inner 
region, with the number of vascular bundles exhibiting a 
higher broad sense heritability. This observation could be 
linked to the early determination of the number of vas-
cular bundles which would be mainly under genetic con-
trol whereas the density depends on internode diameter 
growth which is impacted by environmental conditions as 
observed by Perrier et al., (2017), Tsuchihashi and Goto 
(2005), and Salih et al., (1999). This observation is also 
consistent with Legland et al., (2017) and El Hage et al., 
(2018) on maize who observed only a significant genotype 
effect on the vascular bundle number whereas genotype 
and water treatment effects were observed for the vascular 
bundle density.

The moderate negative correlation observed between 
the percentage of red sclerenchyma tissue in Z1 and the 
percentage of blue parenchyma tissue in Z2 suggests only 
a partial similar genetic control of these two traits. This 
result is in accordance with the differential responses ob-
served for the lignin deposition in these two internode re-
gions in different environmental conditions (Luquet et al., 
2018; Perrier et al., 2017). This observation also fits with 
the negative, although nonsignificant, correlation de-
tected between the proportion of blue parenchyma tissue 
in the inner internode Z2 region and the proportion of red 
tissue in the rind (Z1 outer internode region) reported by 
El Hage et al., (2018) in maize.

Significant correlations between histological and 
biochemical traits were detected. As expected, the per-
centage of sclerenchyma in the outer region positively 
correlates with the lignin content of the biomass. The 
same type of correlation was observed in maize by El 
Hage et al., (2018) with a positive correlation (0.74) 
between the red rind and the Klason lignin content. 
Conversely, a positive correlation was observed between 
the percentage of blue staining in the inner region and 
the hemicellulose content of the cell wall. These rela-
tionships between histological and biochemical traits 
were expected as both are linked to the concentrations 
and distributions of the main cell wall components. 
Nevertheless, the interest of histological related traits 
should not be limited to their ability to anticipate bio-
chemical composition. Indeed, if the histology-related 
traits used in these analyses are limited by their 2D 
character, they provide a spatial information that is 
complementary with the 3D “destructured and blind” 
information provided by biochemical analyses. They 
provide an access to the spatial distribution of the cell 
wall structural macromolecules that is likely to be key to 
disentangle the factors affecting processing traits based 
on the stem compartment.

Although significant genetic variabilities have been 
detected for the histological traits ensuring the ability to 
manipulate them at the genetic level, it is also, from a 
breeder's perspective, essential to reach a clear vision of 
the structure of this diversity. Hierarchical clustering and 
variance components analyses revealed that the bicolor 
and guinea genotypes are characterized by low number 
of vascular bundles and low area of blue in the inner 
region of the internodes. They also present the highest 
percentages of sclerenchyma in the outer region of the 
internode. Although a large histochemical variability is 
observed regarding the durra and caudatum races, they 
encompass some of the genotypes harboring the highest 
number of vascular bundles and higher area of blue in 
the inner region of the internodes. These results also indi-
cate that sorghum landraces have the potential to provide 
the breeding programs with relevant alleles depending 
on the end-product targeted as they carry histological 
properties that are not well distributed in the breeding 
materials. Nevertheless, if the histological pipeline es-
tablished in this study offers the opportunity to develop 
medium throughput phenotyping suitable to identify 
donor parents, it is not well dimensioned to support the 
requirements of a breeding program in which thousands 
of candidate genotypes have to be evaluated. To achieve 
this throughput, simplification of the harvest, sample 
preparation (avoiding the cutting steps), and staining 
steps (avoiding the fixation step) combined with the use 
of deep learning algorithm already developed in ImageJ 
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(Arganda-Carreras et al., 2017; Gómez-de-Mariscal et al., 
2019) constitute logical evolutions. The X-ray computed 
tomography pipeline developed by Gomez et al., (2018) 
that allows access to several stem anatomical parameters 
(rind area, pithiness, intensity (a proxy of stem dry weight 
density)) with a medium throughput constitutes a highly 
relevant complementary tool. Although X-ray tomography 
will probably not allow to access the proportions of tissues 
in the different internode sections, and will be difficult to 
mobilize in developing countries (where sorghum-based 
bioenergy production is also at the agenda and where 
control of sample water content can be challenging), the 
exploration of the correlations between the traits acces-
sible by this method and the Fasga staining information 
achieved in the present study would be extremely inter-
esting. A last aspect that merits to be raised regarding his-
tological analyses is the consistency of the observations 
made in sorghum and maize not only regarding the ge-
netic determinism of these traits but also their links with 
biochemical traits. These results highlight the benefits of 
comparative analyses of these two species for the sake of 
their specific breeding programs.

4.3  |  Biomethane Potential 
(BMP) ideotype

As the stem largely contributes to the overall biomass yield 
for industrial and double purpose sorghum ideotypes that 
are targeted for energy production, there is a clear inter-
est to accurately identify the biochemical and histological 
properties allowing to maximize energy yield. According 
to the present study, it appears, that although the stem bi-
omethane potential significantly correlates with the stem 
in vitro matter digestibility (rg = 0.75, p < 0.001), as also 
reported on whole aboveground biomass by Pasteris et al., 
(2021), specific strategies need to be developed to optimize 
genetic gains for these two traits. Indeed, different con-
tributing traits were identified for these targets. Although 
genetic correlation, multiple regression, and hierarchical 
clustering analyses highlighted different contributions 
of the biochemical components to the BMP (as expected 
according to their different underlying hypotheses), they 
converged regarding the major impact of SS on this pro-
cessing target. For IVDMD, SS appears to be less impor-
tant than the concentrations of the cell wall components.

As a consequence, for BMP as for first-generation eth-
anol production based on stem soluble sugars (Guden 
et al., 2020), there is a higher priority to mobilize alleles 
maximizing the soluble sugar content of the stem in the 
elite BMP varieties than to manipulate the cell wall com-
position. Nevertheless, analysis of midrib color variability, 
which is a proxy of the dry gene alleles (green (juicy) vs. 

white (dry)) whose impact on sugar yield has been con-
firmed (in Xia et al., 2018 but also in the present study 
(p < 0.012)), in our panel, did not reveal a significant im-
pact on the Biomethane potential (p > 0.064). This result 
suggests that although this major gene is probably import-
ant as it partially drives sugar content variability, it inter-
acts with other histological and biochemical component 
to contribute to the BMP.

In addition, it is important to remind that genotypes 
carrying bmr alleles, that harbor extreme lignin content, 
are not the ones that present the highest methane produc-
tion potential at the stem level. Taking into consideration 
these results, mid- and long- term optimization of genetic 
gains for BMP will clearly rely on joint breeding efforts 
for soluble sugars and cell wall components with the key 
roles of the lignin (negative impact) and of the cellulose 
contents (positive impact). Although our experimental de-
sign was not well suited to explore the links between lodg-
ing susceptibility and the biochemical, histological, and 
processing traits we analyzed, their clarifications are ob-
viously of paramount importance for breeding programs. 
To be conclusive, these analyses will require the analyses 
of genotypes harboring the same plant sizes taking advan-
tage of the methodologies developed recently by Gomez 
et al., (2018, 2017).

It is also interesting to mention the relative conver-
gence between the results obtained in sorghum stems and 
maize whole aboveground biomass in which the impacts 
of the water-soluble carbohydrates, lignin, hemicellulose, 
and crude fat contents on specific biogas yield were also 
reported (Rath et al., 2013). In the specific case of BMP, 
no added value of the histological related traits was de-
tected when these traits were jointly considered with 
the biochemical traits. However, it is important to keep 
in mind that the diversity available in sorghum was not 
fully covered by the present study, that crossing efforts in 
breeding programs will generate new diversity patterns 
(new trait associations…) and that breeding is a dynamic 
process (i.e., once the soluble sugar and mineral contents 
will be optimized in the elite varieties, the effects of the 
cell wall components on BMP will likely increase). As a 
consequence, the potential benefits of histological based 
analysis should not be ignored as they will be required in 
the future.

Regarding the potential of improvement of the in vitro 
dry matter digestibility, the key importance of the cell wall 
digestibility, that exhibits a larger genetic variance than 
IVDMD, and that depends of the composition of the cell 
wall (as also reported by Rodrigues et al., (2020)) but also 
of the spatial distribution of the tissues and of the cell wall 
components at the internode level was reported. These re-
sults are consistent with the ones reported in maize (El 
Hage et al., 2018; Legland et al., 2017) and advocate for 
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the development of higher throughput histological meth-
ods to facilitate breeding efforts. In terms of breeding op-
timization, our results also highlight the need for different 
sorghum stem ideotypes for methane and animal feed (as 
reported in maize (Rath et al., 2013)), as there is a critical 
need to increase sugar soluble content for methane pro-
duction, whereas it needs to be controlled for animal feed 
to avoid elevated ethanol production in silage composition 
(Behling Neto et al., 2017). Whether the in vitro dry mat-
ter digestibility, or the methane potential ideotypes iden-
tified in this work need to be prioritized in the context of 
second-generation ethanol cultivar development for sor-
ghum remains to be defined. However, according to the 
greater yield potential per unit area of structural carbohy-
drates (cellulose and hemicellulose) compared to soluble 
sugars, the first one is expected to allow higher ethanol 
yield per unit area. Jointly with the definition of the target 
ideotypes, optimized genetic gains will also depend on a 
better understanding of the genetic determinism of bio-
chemical (Brenton et al., 2016; Burks et al., 2015; Hennet 
et al., 2020; Niu et al., 2020) and histological related traits 
as recently reported in maize (Mazaheri et al., 2019).

Besides the anaerobic digestion pathway that leads to 
biomethane production, combustion is also a strategy suit-
able for decentralized energy production (Van Meerbeek, 
Appels, Dewil, Beek, et al., 2015; Van Meerbeek, Appels, 
Dewil, Calmeyn, et al., 2015). According to our results, 
it clearly appears that different strategies will have to be 
deployed to breed sorghum for combustion compared to 
biogas production. Indeed, genetic correlations between 
BMP and GE are nonsignificant and for GE, the goal will 
be to maximize the lignin content of the cell walls as this 
polymer contains more gross energy than other cell wall 
components (Frei, 2013).
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