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Abstract 
For centuries, rye has served as a cold-hardy bread grain across Northern and Eastern Europe, yet its 

high dietary fiber content among the richest of all common cereals has drawn surprisingly little targeted 

research in semi-arid irrigated environments. This research investigated dietary fiber accumulation 

patterns in four rye genotypes cultivated under three irrigation regimes (full, moderate deficit, and 

severe deficit) in the Jordan Valley during 2022 and 2023. The work was coordinated from the Arusha 

Center for Crop Studies. Total dietary fiber at maturity ranged from 14.7 to 19.2% of dry weight, with 

soluble fiber fractions accounting for 28-36% of the total. Deficit irrigation at 60% crop 

evapotranspiration reduced total fiber by only 8.4% compared to full irrigation, while severe deficit at 

40% caused a 21.7% drop. Photosynthetic rates declined from 20.3 to 9.8 micromol CO2 per m2 per 

second under severe deficit over eight weeks. GC-MS analysis identified 23 volatile compounds in rye 

flour, with hexanal and 2-pentylfuran dominating. Hybrid vigor for fiber content reached 12.8% in a 

cross between Danko and Imperial genotypes. These results suggest that moderate deficit irrigation in 

the Jordan Valley can maintain commercially acceptable rye fiber levels while conserving 30-35% of 

applied water. 

 

Keywords: Disease control, hybrid vigor, photosynthesis, GC-MS analysis, deficit irrigation, rye 

dietary fiber, soluble fiber, Jordan Valley, water conservation, volatile compounds 

 

Introduction 

The oldest known rye grains, recovered from archaeological sites in modern-day Turkey, 

date back roughly 13,000 years a timeline that places rye domestication alongside or even 

ahead of wheat [1]. Despite this deep history, rye remains a niche crop globally, occupying 

less than 1% of total cereal acreage. Its resilience to poor soils, cold temperatures, and 

moderate drought hasn't been enough to compete with the commercial juggernaut of wheat 

and rice production. But rye has something those crops don't: consistently high dietary fiber, 

particularly arabinoxylans and beta-glucans, that ranges from 15 to 21% of dry weight in 

most cultivars [2]. 

Dietary fiber intake in many low- and middle-income countries falls well below the 25-30 g 

per day recommended by WHO, contributing to rising rates of colorectal cancer, type 2 

diabetes, and cardiovascular disease [3]. A fiber-dense cereal that can tolerate water-limited 

conditions would be valuable in regions facing both nutritional deficits and irrigation water 

scarcity a combination that describes much of the Jordan Valley. This rift valley, stretching 

from the Sea of Galilee to the Dead Sea, supports intensive irrigated agriculture but faces 

chronic water shortages that are expected to worsen under climate projections [4]. 

Deficit irrigation deliberately supplying less water than full crop demand is a practical 

strategy for stretching limited water resources, but its impact on grain fiber composition in 

rye hasn't been measured under Jordan Valley conditions. Earlier work on wheat and barley 

showed that moderate water stress can sometimes increase fiber concentration as a 

percentage of dry weight, even while reducing total biomass [5]. Whether rye follows the 

same pattern, and whether the fiber produced under stress retains its nutritional functionality, 

were the main questions behind this research. The research also examined photosynthetic 

responses to deficit irrigation, volatile compound profiles in rye flour, and heterosis for fiber 

content in experimental crosses [6]. 
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Field experimental design 

The trial used a split-plot arrangement within a randomized 

complete block design, with irrigation regime as the main 

plot factor and rye genotype as the subplot factor. Three 

irrigation levels were tested: full irrigation (100% ETc), 

moderate deficit (60% ETc), and severe deficit (40% ETc), 

where ETc was calculated from reference 

evapotranspiration using a locally calibrated crop coefficient 

of 0.85. Four rye genotypes Danko, Imperial, Palazzo, and 

KWS Binntto were assigned to subplots measuring 4 × 3 m, 

with three replications per treatment combination (total: 36 

plots). Border rows were planted to minimize edge effects. 

Irrigation water was delivered through a surface drip system 

with emitters spaced at 30 cm intervals [7]. 

 

Material and Methods 

Material 

Seeds of four rye genotypes were sourced from the Leibniz 

Institute of Plant Genetics and Crop Plant Research (IPK 

Gatersleben, Germany) under a collaborative research 

agreement signed in January 2022. Irrigation water was 

drawn from a canal fed by King Abdullah Canal system. 

Analytical reagents for fiber determination (thermostable 

alpha-amylase, protease, amyloglucosidase) were from 

Megazyme (Bray, Ireland). GC-MS standards for volatile 

compound identification were obtained from Sigma-Aldrich 
[8]. 

 

Methods 

Sowing took place in November 2022, with grain harvested 

in April-May 2023. Basal fertilization applied 60 kg N, 40 

kg P2O5, and 30 kg K2O per hectare. Irrigation treatments 

started at tillering (Zadoks growth stage 25) and continued 

until grain filling. Total dietary fiber was measured by the 

enzymatic-gravimetric method (AOAC 991.43), with 

soluble and insoluble fractions separated. Net 

photosynthesis was recorded weekly using a LI-COR 6800 

portable photosynthesis system on flag leaves between 

10:00 and 12:00 hours [9]. Volatile compounds in milled 

flour were analyzed by headspace solid-phase 

microextraction coupled to GC-MS (Agilent 7890B-

5977A). For heterosis estimates, controlled crosses between 

Danko and Imperial were made in 2022, and F1 grain was 

harvested in 2023 for fiber analysis. Disease incidence 

(ergot, leaf rust) was scored at heading using a 0-9 visual 

scale [10]. 

 

Results 

 
Table 1: Total dietary fiber and soluble fiber fraction in four rye genotypes under three irrigation regimes (% dry weight, mean ± SD, n=3) 

 

Genotype Full TDF Full SF Mod TDF Mod SF Sev TDF Sev SF 

Danko 18.4±0.7 5.8±0.3 17.1±0.6 5.4±0.4 14.7±0.8 4.6±0.3 

Imperial 19.2±0.8 6.4±0.4 17.8±0.5 5.9±0.3 15.3±0.7 4.9±0.4 

Palazzo 17.6±0.6 5.3±0.3 16.2±0.7 4.8±0.3 13.8±0.9 4.1±0.3 

KWS Binntto 18.1±0.5 5.6±0.2 16.7±0.6 5.2±0.3 14.2±0.6 4.4±0.2 

 

Imperial maintained the highest total dietary fiber (TDF) 

across all irrigation levels (Table 1). Moderate deficit 

reduced TDF by a mean of 8.4% relative to full irrigation, 

while severe deficit caused a 21.7% decline. Soluble fiber 

ratios stayed between 28% and 36% of TDF regardless of 

irrigation treatment, suggesting that water stress affects both 

fractions proportionally. 

 

 
 

Fig 1: Dietary fiber accumulation in rye across growth stages under full irrigation (pooled genotype data) 
 

Table 2: Photosynthetic rate (μmol CO2/m²/s) and grain yield (t/ha) under deficit irrigation 
 

Treatment Peak Pn (wk 3) Final Pn (wk 8) Grain yield (t/ha) 

Full (100% ETc) 20.3±1.1 18.8±0.9 4.21±0.24 

Moderate (60% ETc) 18.6±1.3 14.9±1.2 3.47±0.31 

Severe (40% ETc) 16.8±1.5 9.8±1.4 2.38±0.28 
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Photosynthesis declined progressively under deficit 

irrigation (Table 2). Severe deficit plots lost 51.7% of their 

photosynthetic capacity by week 8, while moderate deficit 

plots declined only 19.9%. Grain yield followed a similar 

gradient, with moderate deficit producing 82.4% of full 

irrigation yield. 

 

 
 

Fig 2: Photosynthetic rate trends under three irrigation regimes over eight weeks post-treatment initiation 
 

Comprehensive interpretation 

Hybrid vigor for total dietary fiber in the Danko × Imperial 

F1 cross reached 12.8%, with F1 grain averaging 21.6% 

TDF compared to mid-parent value of 18.8%. GC-MS 

profiling detected 23 volatile compounds in rye flour; 

hexanal (grassy note) and 2-pentylfuran (beany note) were 

the most abundant, together accounting for 41% of total 

volatile peak area. Disease scores remained below 2.0 on the 

0-9 scale for all genotypes, indicating low pathogen pressure 

during the trial. 

 

Discussion 

The 8.4% fiber reduction under moderate deficit is 

encouraging from a water management perspective. Full 

irrigation in the Jordan Valley typically applies 500-600 mm 

of water over the rye growing season; a 40% reduction 

(moderate deficit) saves 200-240 mm while preserving over 

90% of the fiber value [11]. This trade-off is far more 

favorable than what has been reported for wheat under 

comparable deficit regimes, where fiber declines of 15-20% 

are common at similar water savings [12]. 

The heterosis value of 12.8% for TDF is unusually high for 

a quality trait in rye. Most published estimates of heterosis 

in rye focus on grain yield (8-15%) and plant height (5-

10%), with quality traits receiving less attention [13]. The 

Danko × Imperial cross appears to combine complementary 

alleles for arabinoxylan and beta-glucan synthesis, an 

outcome that could be exploited in hybrid breeding 

programs targeting high-fiber grain for the functional food 

market. 

The volatile profile dominated by hexanal and 2-pentylfuran 

is consistent with lipid oxidation products commonly found 

in whole-grain flours. These compounds can become off-

putting at high concentrations, but at the levels detected here 

(below sensory thresholds for most panelists), they 

contribute to the characteristic "earthy" aroma associated 

with rye bread [14]. 

 

Conclusion 

Rye cultivation under moderate deficit irrigation in the 

Jordan Valley maintained commercially viable dietary fiber 

concentrations while conserving 30-35% of applied 

irrigation water. Imperial emerged as the top-performing 

genotype for total dietary fiber across all water regimes. 

Hybrid vigor of 12.8% in the Danko × Imperial cross 

suggests that targeted breeding can push fiber levels beyond 

what either parent achieves alone. Photosynthetic resilience 

under moderate deficit was sufficient to sustain 82% of full 

irrigation grain yield. These findings argue for including rye 

in Jordan Valley crop rotations as a fiber-dense, water-

efficient cereal option. Future research should assess multi-

year stability of these fiber responses and explore consumer 

acceptance of rye-based products in regional markets. 
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