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Introduction: 

Temperature stress on plants is defined as any drop (cold stress) or rise (heat stress) in 

temperature that causes reversible or irreversible inactivation of physiological processes or lethal 

injury in plants. In general each plant has an optimum temperature to grow and develop and any 

deviation than the optimum temperature is considered as temperature stress. Under such 

conditions plants may adapt themselves with changes in morphological, physiological, and 

biochemical processes in order to cope with temperature changes. Heat stress is often overlooked 

since it is often in combination with drought stress which also influences crop growth, 

development, and yield processes. Cold stress affects biochemical, molecular, and metabolic 

processes, as well, and adversely affects plant growth, and development, and limits plant 

productivity. 

Germination is crucial to developing healthy, vigorous, and productive field populations of 

sugar beets. Despite planting high-quality, technically-augmented seed for growers with very 

high germination (>92%), field emergence and persistence continues to hover at ~60% in 

Michigan. Previous research suggests this difference is the result of stress during germination in 

the field.  Of stresses that could be imposed, moisture, temperature, and impedance (i.e.. the 

inability of the seedling to emerge through physical constraints such as crusting or tight seed) are 

likely three important factors that reduce sugar beet emergence and stand establishment. The 



East Lansing USDA-ARS sugar beet program has focused on stress responses during 

germination. To date, we have identified some biochemical pathways related to moisture 

availability that appear to influence seed germination and seedling vigor in ways that can perhaps 

improve emergence potential.  However, we still do not understand stress germination responses 

in such a way that might allow us to increase genetic gains for traits related to emergence, 

seedling vigor and stand establishment, a goal for the 'one seed – one beet' concept.  

One way to identify additional genes involved in stress germination response is to examine 

expression of all genes during germination in different environments. The identification of genes 

expressed during a stress has become much more facile and affordable in recent years, and part 

of our goal is to produce a catalog of expressed genes during sugar beet seed germination. In this 

particular paper, we sought to extend and expand our previous moisture stress responses during 

germination to temperature stress responses, as measured at the level of gene expression.  

Materials and Methods: 

Sixty-four East Lansing breeding lines (Table 1) plus SP6822 were initially screened for 

germination at temperature extremes that could be expected under field conditions (e.g. 10 oC for 

early spring planted beets and 40 oC for late summer planted beets). Germination experiments 

were carried out in two replicates, first with 10 seeds for the population, and then with 3 

replications of 25 seeds for confirmation. Seeds were placed in flasks with 15 ml 0.3% H2O2 and 

incubated with shaking (120 rpm) in ambient lighting, with solutions changed daily. Germinated 

seeds were counted after 96 h.  Germination was defined as radicle protrusion in these 

experiments. 



Table 1: Germplasm examined for temperature stress in solution. 

 



Transcriptome experiments followed standard methods and bioinformatic analyses as 

described below. RNA was isolated from seeds of two germplasms at three temperatures 10, 20 

oC, or 41 oC, sequenced on an Illumina HiSeq 2500 instrument in 150 nt paired end mode. .  

Results and discussion 

Preliminary screening of 65 East Lansing breeding lines at 10, 20 oC, or 40 oC in solution 

showed that variation was present for germinability across these temperatures. The 20 oC 

temperature was considered as optimal, and the one from which other temperatures would be 

compared according to their temperature tolerance profiles. Wide variation was seen for low 

temperature germination, with the best low temperature germination being seen in SP6822 (EL-

A015031) (Figure 1). High temperature germination did not vary as much as expected from 

optimal, which was surprising. Further experiments demonstrated a sharp reduction at 41 and 42 

oC (Figure 2), with no germination observed at 45 oC. 

Figure 1: Initial survey of 65 East Lansing breeding lines at 3 constant temperatures in solution 

after 96 hours. X-axis is number of germinated seeds. 10 oC (black), 20 oC (red), or 40 oC 

(green).  

 



Figure 2: Solution germination summary combined across multiple experiments with different 

temperatures using five lines identified from preliminary tests. Underlined germplasm 

indicates lines selected for gene expression studies. 

 

 

Transcriptomes: 

RNA was isolated from germinated seedlings (96 hr, 0.3% hydrogen peroxide) from two 

germplasms, each with 3 treatments (10, 20, or 41 oC, without replication).  Germplasm EL-

A015031, as the cold tolerant representative, is a 2004 increase of SP6822, the pollen parent of 

formerly widely grown Michigan hybrid US H20. Germplasm EL-A027008, chosen for the high 

temperature representative, is maternally derived from PI 357361, which was initially selected 

for salt tolerant germination, then intercrossed with 29 similarly selected PI’s after field 

evaluation, and finally intercrossed with five East Lansing smooth-root breeding populations.  

On the Illumina HiSeq 2500 platform, two flowcells of150 bp paired-end sequences were 

obtained using the six treatments, resulting in over 270 million reads in aggregate and >225 

million reads after quality filtering (Table 2). 

 



Table 2: Statistics of raw RNA-seq reads from each germplasm and treatment. 

 

Reads were assembled in aggregate using the Trinity algorithm, resulting in some unusual 

results of exceptionally long transcripts (Table 3, left panel), but in general the assembly was 

well supported with mapping >90% of the assembled transcripts (using BBmap) against the 

RefBeet 1.1 and C869-0.4 whole genome assemblies (Table 3, right panel).  For each treatment, 

paired-end reads were directly mapped to the C869-0.4 assembly using BBmap, resulting in 75% 

of reads mapping to the C869-0.4 genome. 

Table 3:  Aggregate Trinity transcriptome read assembly and assembly mapping statistics via 

BBmap to two draft genomes. 

 

Differential expression of transcripts, determined using Tophat and Cufflinks, that mapped to 

the draft genomes were compared between germplasms and treatments to identify characteristics 

associated with differentially expressed genes (Table 4).  A higher percentage of genes were 

differentially up-regulated in EL-A015031 relative to EL-A027008 at the lower temperatures, 



but the converse was true at the highest temperature.  With respect to temperature comparisons, 

it was evident that more genes were differentially up-regulated at 10 oC relative to 20 oC in both 

germplasms.  No other clear differences were observed. 

Table 4:  Summary of differentially regulated genes observed between treatments and 

germplasms. 

 

Individual transcripts were functionally annotated with Arabidopsis similarities. The 

distribution of transcripts by predicted function was similar between germplasms, with some 

major differences shown by individual genes (Figure 5). Further analyses of these genes in are 

progress. 

Figure 5: Differential gene expression by TAIR gene annotation. 


