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Abstract 
Sorghum’s natural adaptation to a wide range of abiotic stresses provides di-
verse genetic reserves for potential improvement in crop stress tolerance. 
Growing interest in sorghum research has led to the expansion of genetic re-
sources though establishment of the sorghum association panel (SAP), gener-
ation of mutagenized populations, and recombinant inbred line (RIL) popu-
lations, etc. Despite rapid improvement in biotechnological tools, lack of effi-
cient phenotyping platforms remains one of the major obstacles in utilizing 
these genetic resources. Scarcity of efforts in root system phenotyping hinders 
identification and integration of the superior root traits advantageous to 
stress tolerance. Here, we explored multiple approaches in root phenotyping 
of an ethyl methanesulfonate (EMS)-mutagenized sorghum population. Pa-
per-based growth pouches (PGP) and hydroponics were employed to analyze 
root system architecture (RSA) variations induced by mutations and to test 
root development flexibility in response to phosphorus deficiency in early 
growing stages. PGP method had improved capabilities compared to hydro-
ponics providing inexpensive, space-saving, and high-throughput phenotyp-
ing of sorghum roots. Preliminary observation revealed distinct phenotypic 
variations which were qualitatively and quantitatively systemized for associa-
tion analysis. Phenotypes/ideotypes with root architecture variations poten-
tially correlated with Pi acquisition were selected to evaluate their contribu-
tion to P-efficiency (PE). Sand mixed with P-loaded activated alumina sub-
strate (SAS) provided closely to natural but still controlled single-variable 
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conditions with regulated Pi availability. Due to higher labor and cost input 
we propose SAS to be used for evaluating selected sorghum candidates for PE. 
The ability of rapidly screening root phenotypes holds great potential for 
discovering genes responsible for relevant root traits and utilizing mutations 
to improve nutrient efficiency and crop productivity. 
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1. Introduction 

Sorghum is known for its tolerance to drought and nutrient deficiencies due to 
root system adaptations [1] [2]. However, root architecture traits contributing to 
superior performance and their genetic regulators have not been sufficiently stu-
died. In spite of the rapid progress in biotechnology and expanding molecu-
lar/genomic tools, utilizing advantageous root traits remains challenging due to 
limited root phenotyping progress. Underground allocation, soil multivariable 
nature, and complex root interaction with environmental factors restrict root 
study. Field phenotyping methods (such as shovelomics or rhizotron) are labo-
rious, time-consuming and not as efficient as aboveground plant observation [3] 
[4]. Numerous controlled-environment approaches employ various artificial 
media of nutrient solution, agarose gel chambers, or sand-alumina media pro-
vide improved-phenotyping capabilities. Recently, due to the need for identifica-
tion of quantitative trait loci (QTL) and genes associated with root traits, the 
emphasis has shifted to systems that can provide inexpensive, efficient, high 
throughput phenotyping such as paper pouches [5] [6] [7]. While some of these 
methods have been used, only few were employed in sorghum root phenotyping, 
narrowly focused on specific traits [8] and left large unexplored areas of root 
development. In addition, the availability of characterized sorghum genetic re-
sources (such as recombinant inbred lines and mutagenized populations) is still 
limited. Chemically mutagenized sorghum population offers great opportunity 
in discovering sorghum root morphological variation and identification of can-
didate genes [9]. Reported diverse assortment and frequency of the mutant root 
morphological variations make it a valuable resource for fulfilling belowground 
phenotyping and targeting useful morphological and agronomic traits [10]. 
Here, we explored multiple approaches in developing universal, systemized, and 
efficient high-throughput root phenotyping platforms for assessing large popu-
lations such as an EMS-mutagenized population (MP). To characterize root ar-
chitecture of the total MP, we tested multiple approaches for their ability to cha-
racterize root architecture, to distinguish candidates with traits of interest, and 
to evaluate the role of specific root traits on sorghum performance in modulated 
natural/close to natural P deficient environment conditions. In addition, me-
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thods were tested to evaluate plant flexibility in root development response to P 
and other nutrient deficiency.  

2. Materials and Methods 

In total, 254 lines of the EMS-mutagenized and low-path-sequenced sorghum 
population (M3 generation) were acquired from the USDA-ARS, PSGDRU, 
Lubbock, TX. Seeds were pretreated with Arazon 705 and germinated on germi-
nation paper rolls for two days at 30˚C in the dark. Germinated seeds were then 
transferred to a growing media [either hydroponics, or paper-based growth 
poches (PGP), or sand mixed with P-loaded activated alumina substrate (SAS)]. 
Seedlings were grown at the Georgia Envirotron research facility in the growth 
chamber (PGW36, Conviron) at 27/24˚C day/night with 12 hours photoperiod, 
photosynthetically active radiation (PAR) = 600 µmol·m−2·s−1.  

2.1. Growing Techniques for Root Phenotyping  

In both hydroponic and PGP experiments, Magnavaca’s nutrient solution was 
used [11] [12] with some modifications. Composition of the nutrient solution: 
(mmol·L−1): 7.556 Ca(NO3)2·4H2O, 2.787 NH4NO3, 1.796 KCl, 1.818 K2SO4, 1.752 
KNO3, 1.555 Mg(NO3)2·6H2O, Fe-EDDHA (Sprint 138), KH2PO4, 1.8 × 10−2 
MnCl2·4H2O, 4.9 × 10−2 H3BO3, 4.6 × 10−3 ZnSO4·7H2O, 1.2 × 10−3 CuSO4·5H2O, 
1.6 × 10−3 Na2MoO4·2H2O Seedlings were evaluated visually and scanned with 
Plstek OpticPro A320 scanner that generated high quality images in order to dis-
tinguish, quantify, and classify root types. Images were analyzed with RootRead-
er2D software as outlined by R. Clark [13]. Total root length (TRL), primary 
root length (PRL), total length of all lateral roots (LRL), lateral root number 
(LRN), and six longest lateral roots length (6LLR) were recorded.  

2.1.1. Hydroponics  
Germinated seedlings were placed in seedling caps with roots submerged into 
0.5 Magnavaca’s nutrient solution (Figure 1(A)). Plants were grown for seven 
days and scanned for generating images. 

2.1.2. Paper-Based Growth Pouches (PGP)  
Germinated seedlings were transferred to a growth pouch system developed by 
Hund [5] with some minor modifications (Figure 1(B) and Figure 1(C)). 
Growth pouches with seeds were positioned into plastic containers so that the 
lowest 2 cm of the paper was submerged in a 0.5 Magnavaca’s nutrient solution 
and grown for seven days.  

The Pi availability response experiment was conducted with the same para-
meters except various phosphorus concentrations were utilized. Seeds from 
BTx623 with similar size as the check were selected and germinated. Plants were 
transferred to growth pouches and grown for seven days at the following levels 
of KH2PO4: 0, 3, 25, 45, and 65 PO3− 

4  (µmol·L−1) at 0.5 and 1.0 strength Magna-
vaca’s nutrient solution. A set of plants were also grown in deionized water as 
the control.  
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Figure 1. Images of the liquid culture method. Hydroponics 
(A) and paper growth pouches (B, shoots; C, roots). 

2.2. Sand Culture Amended with P-Loaded Activated Alumina  
(SAS)  

SAS medium was composed of predominantly quartz sand (~98%) mixed with 
P-loaded activated alumina (Al2O3). Preparation of the medium followed the P 
loading, desorption, and growing procedure from the method previously de-
scribed by Coltman and Silva [14] [15] with some modifications. 

In the first SAS experiment, activated alumina (AA) was loaded with six P 
concentrations (75, 150, 225, 300, 375, and 450 mM KH2PO4). Loaded AA was 
mixed with water-prewashed quartz sand (3% w/w of AA) and transferred to 
SC10 cone-tainers (200 g per cone-tainer). Excess P was leached out with 60 ml 
of deionized water daily for six days and then with 60 ml of Clark’s nutrient so-
lution without P [12] for two days until the desired P media solution concentra-
tion was reached (S.1). EDDHA Fe chelate in form of Sprint 138 was added to 
the nutrient solution at the level of 75 mg/L that our preliminary testing showed 
optimal for sorghum under tested conditions. Based on the comparative plant 
performance at low and optimum Pi levels, potential candidates can be screened 
for P efficiency. 

3. Results and Discussion 

Exploration of sorghum MP root trait variability requires reproducible and ac-
curate phenotyping approaches. Root phenotyping should be able to identify 
quantitative differences in RSA for deciphering underlying genetic mechanisms 
[16]. After exploring different root phenotyping platforms, our root trait pheno-
typing strategies can be summarized in Figure 2. We employed hydroponics and 
PGP for observation of the mutants’ phenotypic variations in early stages (thick 
arrows). It allowed us to identify and systemize root traits in accordance to their 
potential contribution to abiotic stress resilience. Traits relevant to Pi efficiency  
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Figure 2. Phenotyping strategies for root traits. 

 
are evaluated in the Pi availability modulated SAS comparing sorghum per-
formance under deficient and optimal Pi levels. An alternative approach can 
be used in screening MP directly in SAS and then identifying the distinctive 
root traits contributing to superior plant performance. Despite the high labor 
and cost input, it may directly reveal lines with beneficial traits not identified 
in the preliminary PGP screening and should be considered for use in future 
large-scale Pi efficiency screening. Both techniques can also be used for studying 
root plasticity variability between genotypes in response to abiotic stresses. 

These and other stress modulated environments can be used for selected traits 
evaluation in the degree of their contribution to stress adaptation. Subsequent 
segregation and propagation would allow for purification of specific mutations 
for breeding purposes.  

3.1. Mutagenized Population Phenotyping 

Hydroponics. MP grown hydroponically showed significant variability in root 
traits. Mutants were repeatedly examined for root traits distinctive from 
wild-type BTx623 and organized into groups based on percentage difference 
from the BTx623 (data not shown). We selected candidates with significant 
traits deviation from the original genotype that can be potentially relevant to 
P-efficiency such as LRL, root elongation in the upper 1/3 of the primary root, 
intensive crown root development. Mutants were also inspected for unique 
morphological traits such as absence of dual primary root, significantly thicker 
primary root, absence of lateral roots, increased length of single lateral roots etc. 
(Figure 3). Selected mutants with traits of interest will be planted and grown for 
seed increase and used in further studies. Selection for specific trait variations 
and their segregation/purification in multiple generations can provide valuable 
genetic information and material for breeders. Even though the hydroponics 
method was used in our first screening efforts, PGP is proposed as alternative 
method with improved capabilities that is discussed in the next section.  
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Figure 3. Distinct root morphology mutations observed during MP phenotyping. m1: in-
tensive crown and seminal root development, m2: suppressed lateral root development, 
m3: suppressed lateral root development and albinism, m4: suppressed thick primary root 
development and albinism, m5: intensive root growth in the upper 1/3 of the primary root, 
m6: intensive lateral root development, and BTx623-control. 

 
Paper-based growth technique. Modified Hund paper-based growth pouch 

procedure provides inexpensive, space-saving, and high-throughput phenotyp-
ing of sorghum roots in the early stages of growth. It allows continuous root ob-
servation under multivariable nutrient availability conditions and acquisition of 
two-dimensional root images and their analysis [5] [17]. Compared to hydro-
ponics, it provides improved roots aeration, lower seedling vulnerability to dis-
ease (especially molds), extended root growth, better imaging capabilities, and 
improved efficiency. Selected from hydroponics screening, MP candidate muta-
tions have been grown on paper pouches to confirm distinct mutations in root 
architecture. It is proposed to be employed in the consequent root observation 
(instead of hydroponics) and Pi availability response studies in sorghum.  

Selected candidates with traits assumed to be related to P efficiency will be 
evaluated in the subsequent plant performance analysis in the Pi controlled SAS 
(follows). This will provide evaluation of specific root trait contribution to P ef-
ficiency. In future studies, stratifying traits by their importance will allow us to 
focus on the most promising traits and develop/modify phenotyping method for 
their detailed observation and screening. 

3.2. Sorghum Root Response to Nutrients Availability. 

RSA development is shaped by plant’s genetic composition and its interaction 
with environmental conditions [18]. While constitutive RSA traits are stable 
across various environments, plants can show significant degree of plasticity in 
response to stress conditions [19]. Root traits variability can increase in response 
to nutrient availability affecting root elongation, density, root hairs, and spatial 
location of roots etc. [20]. In this experiment, we tested sorghum plasticity in 
root growth response to nutrient availability in early stages of growth employing 
PGP technique. Sorghum was grown at a range of Pi availabilities at half and full 
strength nutrient solution to analyze qualitative and quantitative differences in 
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root trait development.  
In response to nutrient availability, plants developed distinct differences in 

multiple RSA traits even in first nine days of plant growth. Root responses to 
the combined nutrients (which encompasses complex aggregate response all nu-
trients) showed significant differences (P < 0.05) (Table 1) between treatments for 
TRL, PRL, LRL, and LRN (Figure 4). Some traits (such as TRL) showed strong 
correlation with nutrient solution concentration (r2 = 0.96). Interestingly, at ex-
treme nutrient deficiency (NS0), sorghum shifted allocation of limited resources to 
root growth (the ratio of RDW/SDW significantly increased). While TRL were 
the lowest in DI water due to reduced metabolic activity, primary roots and av-
erage lateral roots were longer (higher values of PRL and LRL/LRN) but thinner. 
Nutrient deficiency slowed new lateral root formation/emergence while favoring 
root elongation, allocating resources into media exploration.  

Response to Pi availability appeared to be less pronounced compared to the 
response to combined nutrients which encompasses complex of aggregated res-
ponses to various nutrients (Figure 5). Among observed traits, TRL, LRL, and 
LRL/LRN significantly differed between treatments. Other differences appeared 
to be not significant on day 9; however, root trait variability may increase in later 
plant development. Some phenotypic variations attributed to plant’s plasticity 
may be lower than constitutive root traits in early stages of growth [21]. Addi-
tional RSA responses to P deficiency may also develop in later stages with in-
creasing need for P and plant timing triggering mechanisms for plasticity ex-
pression. PGP method is limited in growing length suggesting employing SAS or 
other techniques for this purpose.  

 
Table 1. Means and standard deviations for root system architecture traits at early development. 

Nutrient 
Solution 
conc. (%  

P  
conc. 
(uM) 

TRLa PRL LRL PRL/LRL LRN LRL/LRN SDW (mg) RDW (mg) RDW/SDW 6LLR 

Mean s.d. Mean s.d. Mean s.d. Mean s.d. Mean s.d. Mean s.d. Mean s.d. Mean s.d. Mean s.d. Mean s.d. 

0 0 60.54 7.31 26.16 1.04 34.37 7.6 0.80 0.21 57 13.0 0.66 0.21 9.0 0.7 7.7 0.7 0.859 0.03 17.19 2.87 

0.6 

0 67.93 7.29 24.96 0.74 42.97 6.8 0.59 0.08 92 8.0 0.47 0.07 10.5 1.3 7.8 0.8 0.747 0.04 12.73 2.06 

3 77.45 11.10 24.58 0.98 52.87 10.6 0.48 0.09 100 11.0 0.52 0.07 9.7 1.1 7.4 1.1 0.756 0.05 14.89 2.60 

25 71.50 10.90 24.92 0.96 46.57 11.0 0.56 0.12 89 17.2 0.52 0.07 10.3 0.9 7.7 0.3 0.756 0.06 15.96 3.21 

45 70.16 5.69 24.91 1.09 45.25 6.1 0.56 0.10 93 18.6 0.49 0.05 10.2 0.7 7.5 0.5 0.735 0.04 15.16 2.72 

65 95.26 8.32 24.65 1.58 70.62 8.1 0.35 0.05 117 14.6 0.61 0.07 11.5 1.1 8.7 0.7 0.761 0.03 17.02 2.16 

1.0 

0 75.72 11.90 24.62 0.73 51.11 11.7 0.51 0.12 92 11.4 0.55 0.09 10.0 0.5 8.4 0.5 0.844 0.05 14.74 3.23 

3 82.97 11.74 24.72 0.84 58.25 11.2 0.44 0.09 103 19.2 0.57 0.08 10.3 2.1 8.7 1.4 0.862 0.11 15.78 3.43 

25 85.52 11.80 25.02 0.96 60.50 11.6 0.43 0.10 126 19.1 0.49 0.09 11.1 1.1 8.7 1.2 0.783 0.05 14.43 2.56 

45 75.89 10.13 24.95 0.71 50.95 10.7 0.51 0.12 103 10.1 0.50 0.10 10.2 0.7 8.0 0.5 0.787 0.04 12.86 2.07 

65 84.50 13.50 25.05 0.68 61.83 13.2 0.44 0.09 114 21.1 0.53 0.09 10.3 0.7 8.7 0.6 0.844 0.04 15.76 2.04 

P value 

NS 0.048* 0.010* 0.024* 0.012* 0.001* 0.049* 0.130 0.157 0.001* 0.038* 

P 0.004* 0.9380 0.002* 0.064 0.064 0.039* 0.153 0.083 0.953 0.123 

NS*P 0.308 0.9062 0.258 0.293 0.293 0.031* 0.485 0.409 0.243 0.221 

aRoot lengths were measured in cm. * P < 0.05. 
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Figure 4. Primary and lateral root growth in response to nutrients availability. 
PRL: primary root length, LRL: lateral root length, LRN: lateral root number, 
LRL/LRN: average lateral root length. 

 

 

Figure 5. Primary and lateral root growth in response to Pi availability. 
 
Similar to the nutrient solution, higher Pi availability increased the TRL and 

LRL while keeping PRL growth rate constant. Primary roots play a minor role in 
P acquisition that can justify reduced PR growth at low Pi availability; although 
monocot species and genotypes vary in their adaptive PR response to low P [22].  

Lower Pi response flexibility could be related to prevailing constitutive adap-
tations in sorghum. Sorghum evolved predominantly in low-P soils that ex-
cluded advantages of developing RSA plasticity. In contrast, larger variation in 
other soil nutrients created premises for developing root plasticity to specific 
nutrition environments giving them competitive advantages. 

Response evaluation of the original BTx623 sorghum inbred line lays 
groundwork for the subsequent phenotyping of the EMS-mutagenized popula-
tion and the potential for expanding our understanding of genetic regulation of 
plant responses to nutrient availability. Paper pouches can be a valuable ap-
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proach used in further study of root plasticity variations of sorghum cultivars 
with potential adaptations to abiotic stresses. 

3.3. P-Loaded Sand-Alumina Culture in Sorghum P-Efficiency  
Improvement 

The above-described approaches can provide valuable information on root 
anatomy and physiology and reveal constituent or plastic genetic mechanisms 
regulating them. This gives basis for the selection of candidates with desired 
root traits influencing P efficiency. Subsequent validation for the performance 
of plants with specific root traits can be done on P-deficient soils in the field 
or greenhouse. The low reproducibility (due to the high level of environ-
ment-soil-root relationship complexity) and high cost make this approach very 
challenging. A promising technique is a solid-phase sand-alumina system (SAS). 
This system can simulate soil temporal and special P distribution, localized P 
depletion, and slow release and diffusion limited P behavior conditions in 
soils but other controlled-environment growing techniques (hydroponics, 
agar etc.) can’t provide [15] [23] [24]. SAS can reproduce closely to natural 
P-deficient soil conditions while reducing the confounding effect of environ-
mental factors and providing single-variable conditions [14]. It can maintain 
relatively stable Pi concentration (S-1) enabling comparison of plant performance 
at various Pi levels. At the same time, ability to manage Pi concentration in the 
media opens opportunities for modulation of the special phosphorus availability 
that simulates specific natural Pi allocation in soils (e.g. higher Pi content in up-
per soil horizons). Ease of separation of the sand from roots allows extended 
growth/observation period (more than nine days) using larger containers, the-
reby enhancing better development of the response traits. Even though the PGP 
technique can be successfully used to analyze plasticity in plant response to 
P-deficiency, it does not represent the natural soil environment which can limit 
development and identification of all adaptation mechanisms [25]. SAS, providing 
close to natural conditions and better control over environmental factors, allows 
us to capture more accurately plant response flexibility to Pi availability.  

Based on the sorghum performance at six different Pi concentrations (Table 2 
and Figure 6), deficient and optimal Pi levels (150 mM and 375 mM P loading 
concentrations) were selected for sorghum growth comparison. In our subse-
quent study, candidates selected from an EMS-mutagenized population (or other 
cultivars of interest) with sufficient/deficient RSA traits will be tested for per-
formance in SAS. The further study will evaluate the specific traits and deter-
mine their roles in P acquisition allowing us to narrow down our phenotyping 
and selection focus. 

4. Perspectives and Conclusions 

This EMS-mutagenized population is a valuable and useful genetic source for 
identifying genes responsible for abiotic adaptations [10]. Such efforts are re-
strained by limited root phenotyping data. The proposed phenotyping platform  

https://doi.org/10.4236/ajps.2020.116060


V. Tishchenko et al. 
 

 

DOI: 10.4236/ajps.2020.116060 847 American Journal of Plant Sciences 
 

Table 2. Plant shoot dry weight at six p-loading treatments. 

Measured variables 
Loading P concentration (mM) 

0 75 150 225 300 375 450 

PO3− 
4  concentration in  
SAS ± s.d. (µM) 

0.0 ± 0.15 0.11 ± 0.32 3.84 ± 0.53 12.77 ± 1.70 21.27 ± 0.69 42.97 ± 1.68 58.82 ± 4.62 

Average shoot dry  
weight ± s.d. (g) 

0.0307 ± 0.0099 0.0463 ± 0.0152 0.0567 ± 0.0225 0.0640 ± 0.0271 0.0935 ± 0.0091 0.1055 ± 0.0404 0.1170 ± 0.0455 

 

 

Figure 6. Plant shoot dry weight at six phosphorus loading concentrations. 
 
employs a combination of phenotyping methods varying in the length, focus, 
capabilities to manipulate variables, cost efficiencies, and serving different yet 
complementary roles. 

In the initial discovery phase involving high-throughput phenotyping of root 
variability, PGP is a method of choice that has been used in phenotyping 
EMS-mutagenized populations and is suggested to be used for other plant 
germplasm collections. Efficiency and flexibility of the PGP method allow us to 
utilize multiple forward and reverse genetics approaches. Ongoing phenotyping, 
stratifying and association analysis of genetic variations in root traits will allow us 
to identify QTLs associated with root traits. Growing information on germplasm 
sequencing and the identification of mutations extends opportunities to decipher 
gene function particularly that are unique to sorghum. Ability of the PGP ap-
proach to manipulate multiple factors, such as Pi availability, allows for explora-
tion of adaptation mechanisms and genetics regulating plasticity of sorghum re-
sponse to abiotic stress. Selection of candidates with constitutive and plastic root 
traits of interest with high heritability and subsequent segregation for desired 
root traits in further generations to produce homologous pure lines will further 
facilitate trait integration into commercial cultivars.  

Contribution of root traits to adaptation efficiency is currently evaluated 
through exposing candidates with selected root traits to reproducible close to 
natural stress conditions and assessment of resulting plant performance in SAS. 
It has demonstrated ability to evaluate phenotypes for their role and degree of 
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contribution to P-efficiency under low Pi availability. Plant assessment in later 
stages will allow us to correlate plant performance and yield with traits observed 
in early growing stages and help in developing markers for better selection. Pri-
oritizing traits will help us to narrow down our focus in developing and applying 
specific, detailed phenotyping approaches thereby improving selected mutant 
screenings. 
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