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Modulating tiller formation 
in cereal crops by the signalling 
function of fertilizer nitrogen forms
Bernhard Bauer1,2 & Nicolaus von Wirén1*

Cereal crop yield comprises interrelated components, among which the number of tillers is highly 
responsive to nitrogen fertilization. We addressed the hypothesis of whether the supply of different 
nitrogen forms can be employed to manipulate the tiller number in cereal crops. Relative to urea 
or ammonium, exclusive supply of nitrate increased tiller number in hydroponically-grown barley 
plants. Thereby, tiller number correlated positively with the root-to-shoot translocation rate of 
endogenous cytokinins. External supply of a synthetic cytokinin analog further stimulated tillering 
in nitrate-containing but not in urea-containing nutrient solution. When the cytokinin analog 
6-benzylaminopurine riboside was externally supplied to roots, its translocation to shoots was 2.5 
times higher in presence of nitrate than in presence of urea or ammonium, suggesting that cytokinin 
loading into the xylem is affected by different nitrogen forms. We then translated this finding to 
field scale, cultivated winter wheat in four environments, and confirmed that nitrate fertilization 
significantly increased tiller number in a dose-dependent manner. As assessed in 22 winter wheat 
cultivars, nitrogen form-dependent tiller formation was subject to substantial genotypic variation. We 
conclude that cytokinin-mediated signaling effects of fertilizer nitrogen forms can be employed as a 
management tool to regulate the tiller number in cereal crops.

Abbreviations
PPD  Phenylphosphoro-diamidate
BA  6-Benzylaminopurine
BAR  6-Benzylaminopurine riboside

For agricultural plant production, mineral nitrogen (N) fertilizers are available in different forms, of which urea 
is worldwide the most widespread, followed by nitrate and  ammonium1. From an agronomic perspective, the 
choice of a particular fertilizer N form is mainly determined by commercial availability, price, and potentially 
beneficial effects of the accompanying ions. With increasing consideration of their environmental impact, N 
fertilizer forms are also evaluated for their mobility in the soil, their effects on soil pH, nutrient mobilization, 
potential leaching or denitrification, and particularly for ammonia  volatilization2–4. Regarding the physiology 
of crops, using different N forms has profound implications, since their external availability is associated with 
distinct root uptake and translocation rates, different intensities and sites of N assimilation, and changes in 
primary and secondary metabolism, which may ultimately alter plant growth and  development5,6. In particular, 
studies comparing ammonium and nitrate as major or sole N sources for plants have shown that ammonium 
supply can decrease photosynthesis, respiration, and water  use7,8 while increasing tolerance to drought stress 
and  pathogens9–11. In the long run, developmental changes caused by exclusive ammonium supply can result in 
accelerated flowering, while nitrate provision stimulates vegetative growth and delays plant  senescence6. Such 
obvious effects caused by different N forms are mostly observed under controlled conditions, e.g., in hydropon-
ics, whereas N-form effects are weaker and less significant in the field, where applied N forms are not the only 
N source and undergo immobilization and microbial inter-conversion. Even when urea fertilizers are stabilized 
by urease inhibitors or ammonium fertilizers by nitrification inhibitors, microbial conversion is suppressed 
only in part and  transiently4,12. Despite the efficacy of urease and nitrification inhibitors and their importance 
to mitigate ammonia emissions and meet N fertilizer regulations in  Europe13, the poor predictability of the fate 
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of defined fertilizer N forms in soils and their subsequent impact on relevant agronomic crop traits may be the 
major limitation for the targeted use of fertilizer N forms to control crop development.

Among the major yield components, in particular, the tiller number strongly responds to N fertilization. As a 
significant determinant of the grain-to-straw ratio and the grain yield, tiller number influences the use efficiency 
of mineral fertilizers and  water14,15. However, tiller number mostly decreases during the generative growth phase 
as a result of tiller abortion, a process strongly influenced by cereal crop species/cultivar, sowing density, light 
quality, and climate  conditions16–18. Tiller formation increases with N fertilizer dose and responds to the fertilizer 
N form, as combined ammonium nitrate enhanced tiller number more effectively than the same amount of either 
N form  alone19–21. The physiological basis of this N form effect relies, at least in part, on phytohormone signaling. 
On the one hand, N supply prevents the biosynthesis of strigolactones, a class of root-derived phytohormones that 
are synthesized under N deficiency and suppress shoot branching and tiller formation when translocated to the 
 shoots6,22. On the other hand, N supply, especially nitrate strongly promotes the biosynthesis and root-to-shoot 
translocation of cytokinins, which are predominantly synthesized in growing root meristems and required in 
shoots for division and expansion of leaf cells, shoot branching, and tiller  formation23–25. While an adverse effect 
of ammonium nutrition on cytokinin translocation in the xylem has been  shown26,27, the impact of ammonium 
or urea fertilization on cytokinin translocation and tiller formation in cereals has remained  contradictory19,28.

In the present study, we tested the hypothesis that tiller formation in cereal crops can be manipulated by the 
supply of different N forms, irrespective of whether plants grow in hydroponics or the field. We first examined the 
response of hydroponically-grown barley plants to a pure or mixed supply of nitrate and urea that was stabilized 
with the urease inhibitor  NBPT4. To verify the impact of fertilized N forms on cytokinins, xylem sap was analyzed 
with radio-immune assays, and translocation studies were performed with traceable artificial cytokinins. We then 
translated the results from our physiological experiments in artificial growth media to the field scale. In field trials 
with winter wheat, which has a lower tillering potential than  barley29, we investigated under which growth condi-
tions the different nitrogen fertilizer forms can be employed to modulate tiller number in agricultural practice.

Results
We first focused on the influence of nitrate and urea on growth and tiller formation of barley plants grown in 
pH-buffered nutrient solution supplemented with 0.5 mM N at different ratios of nitrate to urea. Under the 
exclusive supply of nitrate, barley plants grew densely, formed the highest shoot biomass, and on average, 2.7 
tillers per plant (Fig. 1A,B; Supplementary Fig. 1). Stepwise replacement of nitrate-N by urea-N decreased dry 
weight and tiller number. Purely urea-fed plants had only a single short main shoot and no tillers. To prevent urea 
degradation, the urease inhibitor PPD was added, and comparing nitrate-supplied plants with or without PPD 
showed that its presence did not significantly influence plant growth or tiller number. Since urea and ammonium 
toxicity have been suggested as major causes of growth depression under the supply of reduced nitrogen  forms30, 
we also measured ammonium and urea levels. Despite their increase with urea supply, neither ammonium nor 
urea concentrations in roots or shoots reflected closely an N treatment effect on dry weight and tiller number at 
elevated urea or exclusive ammonium supply (Fig. 1A,B; Supplementary Fig. 2A,B). In fact, the absence of toxic-
ity symptoms on the leaves in the phenotypic assessment of urea- and ammonium-fed plants (Supplementary 
Fig. 1), as well as the dry weights of single tillers, revealed that under 75% urea-N (0.19 mM urea), the growth 
of individual tillers was even stronger than in purely nitrate-fed plants (Fig. 1C). Therefore, urea or ammonium 
toxicity in root or shoot tissues was unlikely to account solely for urea-induced depression of growth and tillering.

In tobacco and tomato, nitrate had previously been shown to stimulate the root-to-shoot translocation of 
 cytokinins26,27. Here, we immune-detected the physiologically active cytokinin form zeatin and its transport form 
zeatin-riboside in the xylem bleeding sap of barley plants and observed that their translocation rate decreased 
strongly with increasing supply of urea-N (Fig. 1D). Since urea supply also repressed the amount of xylem bleed-
ing sap collected at the hypocotyl (Supplementary Fig. 2C), we immune-detected separately the physiologically 
less active cytokinin forms isopentenyl-adenine and isopentenyl-adenosine. However, their translocation rates 
were much less affected by the form of N supply (Fig. 1E), indicating that the smaller xylem sap volume was not 
the primary cause for decreasing translocation rates of zeatin and zeatin-riboside.

We then addressed whether suppressed tiller formation in the presence of urea can be overcome by the exog-
enous supply of cytokinin. When barley plants had reached the 3-leaf stage, we added the synthetic cytokinin 
analog 6-benzylaminopurine (BA) or its conjugated form 6-benzylaminopurine riboside (BAR) to the nutrient 
solution. After tiller formation had progressed and plants reached the 7-leaf stage, BA supply had reduced total 
shoot and root dry weights to a similar extent in all N treatments (Fig. 2A). Notably, only in plants exclusively 
supplied with nitrate, BA or BAR supply enhanced tiller number slightly or significantly, respectively, relative to 
control plants (Fig. 2B). However, in the presence of 25% or 75% urea-N no additional tillers were formed. This 
observation suggested that urea suppresses tiller formation by inhibiting either BA uptake from the external 
medium or its root-to-shoot translocation.

Previously, the conjugated cytokinin analog BAR has been shown to be readily taken up by roots and promote 
tiller bud outgrowth in  rice5. We thus verified the N form´s impact on BAR translocation in a short-term study, in 
which BAR was supplemented to plants that had been acclimated to either nitrate, ammonium, or urea for 36 h. 
When xylem bleeding sap was collected 12 h after BAR supply to roots and assayed specifically for BAR by ELISA, 
the BAR translocation rate was 2.5 times higher in the presence of nitrate than in the presence of the reduced N 
forms ammonium or urea (Fig. 3A). Negligible BAR levels in plants not supplied with BAR confirmed specificity 
of the antibody used in the ELISA and excluded cross-reactivity with endogenous cytokinins. To account for 
treatment effects on xylem exudation, K translocation rates were determined and found to be lower, especially 
after the external supply of BAR, but not differentially affected by either N form (Fig. 3B). Thus, this experiment 
indicated a stimulatory effect of nitrate on the root-to-shoot translocation of cytokinins.
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Figure 1.  Dry weight, tiller number and cytokinin translocation rates in barley plants as affected by the supply of different 
nitrogen forms. (A) Dry weight per plant, (B) tiller number per plant incl. the primary shoot axis, (C) dry weight per single 
tiller, (D) root-to-shoot translocation rate of the cytokinin forms zeatin (Z) and zeatin-riboside (ZR) and (E) root-to-shoot 
translocation rate of the cytokinin precursors isopentenyl-adenine (i-Ade) and isopentenyl-adenosine (i-Ado) as determined 
in the xylem bleeding sap. Five days-old barley seedlings were transferred for 40 days to nutrient solution containing the 
following N sources: 0.5 mM  KNO3, 0.38 mM  KNO3 + 0.06 mM urea (75:25% N), 0.25 mM  KNO3 + 0.13 mM urea (50:50% 
N), 0.12 mM  KNO3 + 0.19 mM urea (25:75% N), 0.25 mM urea, 0.25 mM  NH4NO3. The pH was buffered at pH 6.6 by 
Ca(HCO3)2, and wherever indicated 75 µg L−1 of the urease inhibitor PPD was added. Bars represent means ± SD, n = 3 
biological replicates. Different letters indicate significant differences among treatments at p < 0.05 by Tukey’s test.
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We then verified the applicability of employing different fertilizer N forms for the control of tiller number 
in field-grown winter wheat. Wheat possesses a lower tillering potential than barley but shares with barley 
many regulatory mechanisms in tiller  development29,31–33. Wheat was grown in four environments, i.e., at two 
sites in Germany in two subsequent years with substantial differences in temperature regime and precipitation 
(Supplementary Fig. 3 and 4). For the starter dressing in early spring, fertilizer N was supplied either (i) as fully 
stabilized urea, i.e., co-supplied with urease inhibitor and nitrification inhibitor, (ii) as urea plus nitrification 
inhibitor to provide mainly ammonium-N resulting from the rapid degradation of urea, or (iii) as ammonium 
nitrate, which was considered as predominant nitrate fertilization due to rapid adsorption of ammonium to the 
soil matrix, as a consequence of the high cation exchange capacity and the nitrification of ammonium. A pure 
nitrate fertilizer was not supplied to avoid side effects arising from accompanying cations. Relative to unfertilized 
control plots, nitrate as the predominant N form in the starter dressing led to significantly higher tiller numbers 
at the supply of 40 kg N ha−1 on both sites and at 80 kg N ha−1 also at the Dörrhof site, which is of poorer soil 
quality than the Langenstein site (Fig. 4A,B). Although N fertilization with fully stabilized urea increased tiller 
number relative to unfertilized plots, it was less effective, yielding 14–140 tillers m−2 less than after fertilization 

Figure 2.  Growth and tiller formation in barley after external supplementation of cytokinins in the presence 
of nitrate or urea. (A) Dry weight of shoots and roots and (B) tiller number of spring barley plants precultured 
hydroponically on ammonium nitrate before transfer to different N sources: 0.5 mM  KNO3, 0.38 mM 
 KNO3 + 0.06 mM urea (75:25% N), or 0.12 mM  KNO3 + 0.19 mM urea (25:75% N). The pH was buffered at pH 
6.6 by Ca(HCO3)2. The cytokinin analogue 6-benzylaminopurine (BA) was supplied at a concentration of 10 µM 
at the beginning of tillering (3-leaf stage). Tillers were counted at the 7-leaf stage. The urease inhibitor PPD 
was supplemented at 75 µg L−1. Bars represent means ± SD, n = 20 biological replicates. Different letters indicate 
significant differences among treatments at p < 0.05 by Tukey’s test.
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with nitrate. At the high N dose, application of urea only with nitrification inhibitor resulted in a similar tiller 
number as urea with both inhibitors. At harvest, however, total grain yield was higher in plants supplied with 
80 kg ha−1 fully stabilized urea than in plants fertilized with ammonium nitrate (Supplementary Fig. 5A,B); this 
was not related to higher kernel weights (Supplementary Fig. 6A,B). Instead, climate data indicated that after a 
cold winter, the tillering period became relatively dry with rapidly rising temperatures in March and April 2006 
(Supplementary Fig. 3A). The high number of additionally formed tillers under ammonium nitrate could not be 
fully developed to spike-bearing tillers and were mostly aborted. The stronger N form effect at higher fertilizer 
dose indicated that relative to mineralized soil N, a larger proportion of fertilizer N was required to significantly 
influence tiller formation.

In the subsequent year 2006/2007, which was characterized by a mild winter, a drought period at the end of 
the tillering phase in April but moderate temperatures with high precipitation during flowering and the grain 
filling period (Supplementary Fig. 4), ammonium nitrate-fertilized wheat plants also generated higher tiller 
densities than those fertilized with fully stabilized urea (Fig. 4C,D). Application of fully stabilized urea failed to 
increase tiller number considerably beyond the level of unfertilized control plants, suggesting slower conversion 
and/or utilization of urea-N. On both sites, lower tiller numbers in the two urea treatments did not translate 
into higher grain yield (Supplementary Fig. 5C,D). In contrast, on the less fertile soil at Dörrhof, the lower tiller 
density formed with 60 kg N ha−1 as fully stabilized urea translated into significantly lower grain yield. Thus, 
this low tiller density confined grain yield in combination with a limited number of grains per spike despite the 
humid grain-filling period (Supplementary Fig. 4B), leading to higher test weight of the urea-fertilized grains 
(Supplementary Fig. 6D). Taken together, in seven out of eight experimental scenarios, the provision of fully 
stabilized urea in the starter dressing led to lower tiller densities than supply with ammonium nitrate, although 
the size and significance of the difference in tiller number varied between the two N fertilizer regimes.

Figure 3.  Translocation rate of benzylaminopurine riboside (BAR) and potassium in the xylem sap of barley 
plants as affected by the presence of different nitrogen forms. (A) Benzyl-aminopurine translocation rate and 
(B) potassium translocation rate as determined in the xylem bleeding sap from spring barley precultured 
hydroponically until the 5-leaf stage on ammonium nitrate, then for 24 h on N-free nutrient solution and 
then for 48 h on pH-buffered 0.5 mM potassium nitrate, urea or ammonium sulfate. BAR was supplied at 
a concentration of 10 µM 12 h before collection of the xylem bleeding sap. Bars represent means ± SD, n = 3 
biological replicates. Different letters indicate significant differences among treatments at p < 0.05 by Tukey’s test.
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Based on the observation that wheat cultivars can differ in tiller  formation16,17, we addressed whether the 
genetic variation of this phenotypic trait is also sensitive to the fertilized N form. We assessed a panel of 22 elite 
winter wheat cultivars in a separate trial and found in 11 cultivars a significantly higher tiller number under 
nitrate-dominated than under urea-dominated fertilization (Fig. 5). Ten of the remaining lines showed the 
same difference in trend. Under either N fertilizer regime, genotypic variation in tiller number mounted up to 
200 tillers m−2, accounting for approx. 25% of maximum tiller number at BBCH 31. Thereby, tiller number of 
cultivars ranked differently in the two fertilizer regimes, indicating genotypic differences in the tillering response 
of a cultivar to the fertilized N form.

Discussion
In cereal crops, the number of tillers per plant is a major yield component that is determined during late veg-
etative growth and is highly variable and dependent on the plant species and genotype as well as on growth 
 conditions17,18,29,34–36. Tiller number is critical because weak tiller densities fail to exploit yield potential, while 
excess tillers get aborted or set grains that cannot be filled  sufficiently17,37. Here, we show that nitrate as predomi-
nant N form enhances tiller number in hydroponics as well as in field trials, while the supply of the reduced nitro-
gen forms ammonium and urea decrease tiller formation despite efficient N delivery (Figs. 1, 2 and 4). Thereby, 
tiller formation is closely related to the root-to-shoot translocation of cytokinins, signalling the presence of the 
available N form to the shoot. The present study shows that tiller number in cereal crops can be controlled by 
the targeted choice of the fertilizer N form, which thus represents a simple and convenient management tool to 
manipulate this major yield component during vegetative crop development.

Figure 4.  The influence of fertilizer N forms on tiller formation of field-grown winter wheat. Plants were grown 
either on the site Langenstein (A,C) or Dörrhof (B,D) in the growth season 2005/2006 (A,B) or 2006/2007 
(C,D). Tiller density was determined at the end of vegetative development (BBCH 31) of winter wheat 
supplemented with 40 or 80 kg N ha−1 as starter dressing in 2006 and 30 or 60 kg N ha−1 as starter dressing in 
2007 in the form of urea plus urease inhibitor (UI) and nitrification inhibitor (NI), providing urea-dominated 
N supply, urea plus nitrification inhibitor (ammonium-dominated N supply), or ammonium nitrate (nitrate-
dominated N supply). Bars represent means ± SD, n = 4 independent replicate plots. Different letters indicate 
significant differences among fertilizer treatments at p < 0.05 by Tukey’s test.
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Three lines of evidence indicated that the translocation of cytokinins from roots to shoots is a major determi-
nant for the control of tiller number but differentially affected by the supplied N form: (i) tiller number in barley 
plants supplied with different ratios of nitrate to urea correlated most closely with cytokinin translocation rates 
and were less associated with nutritional disorders (Fig. 1; Supplementary Fig. 1, 2); (ii) external supply of the 
synthetic cytokinin analog BA enhanced tiller number in barley, however, only when plants were grown with 
nitrate but not with ammonium or urea (Fig. 2); and (iii) translocation rates of the cytokinin analog BAR in the 
xylem sap increased in the presence of nitrate but not in the presence of ammonium or urea (Fig. 3). Possible 
reasons for partially contradictory or missing relations between N forms and cytokinin levels, as reported previ-
ously in  wheat19,20, might be related to lacking consideration of N form-dependent pH effects in the soil or the 
partial conversion of non-stabilized N forms during the experiments. Here, nutrient solution pH was buffered, 
and urea was stabilized by PPD, which by itself did not provoke adverse growth effects in hydroponics (Fig. 1; 
Supplementary Fig. 1).

Enhanced de-novo synthesis of cytokinins in response to nitrate, as suggested from the identification of 
nitrate-inducible isopentenyl-transferase genes in Arabidopsis  roots25,38, can only in part but not fully explain 
the N form-dependent differences in cytokinin translocation rates observed here. A key reaction in the synthesis 
of the physiologically most active form trans-zeatin and its transport form trans-zeatin riboside is the transhy-
droxylation of isopentenyladenine-type cytokinins by cytochrome P450 enzymes because only trans-zeatin but 
not isopentenyladenine can promote shoot growth and shoot  branching39. This fully agrees with the poor N 
form-dependent response of isopentenyladenine and isopentenyladenosin in the xylem sap of nitrate- and urea-
supplied plants (Fig. 1E). It will be thus important to find out in future whether expression of the cytochrome 
P450 orthologs catalyzing the transhydroxylation of isopentenyladenine-type cytokinins in barley responds to 
supplied N forms and is induced by nitrate.

Besides de-novo synthesis, we provide evidence that also the xylem loading step of cytokinins responds to the 
form of N supply. Only when roots were exposed to nitrate, externally supplied BA promoted tillering (Fig. 2). 
While this experiment proved the functionality of BA as a tillering-promoting signaling compound, this effect 
might also have been derived indirectly from enhanced biosynthesis of endogenous cytokinins in roots. This 
option was excluded by the external supply of BAR and its specific immune-detection in the xylem sap, which 
showed that exposure of roots to nitrate but not to ammonium or urea strongly enhances the accumulation of 
BAR in the xylem sap (Fig. 3). Thus, nitrate increased the xylem loading process of BAR, supposing that root 
uptake of BAR remained unaffected by the different N forms. In Arabidopsis, xylem loading of cytokinins is likely 
mediated by ABCG14, an ABC-type exporter localized in the plasma membrane of pericycle and other stelar 
root  cells40,41. It will thus be interesting to elucidate whether the corresponding transporter in barley is subject 
to transcriptional regulation by N forms.

Figure 5.  Genotypic variation of tiller formation in 22 field-grown winter wheat cultivars in dependence of 
the form of N nutrition. Tiller density was determined at the end of vegetative development (BBCH 31) of 
winter wheat plants supplemented with 80 kg N ha−1 as starter dressing in the form of urea plus urease inhibitor 
(UI) and nitrification inhibitor (NI), providing urea-dominated N supply, or ammonium nitrate (nitrate-
dominated N supply). Plants were grown on the site Gatersleben in 2009/2010. Bars represent means ± SD, n = 4 
independent replicate plots. Asterisks indicate significant differences among fertilizer treatments at p < 0.05 by 
Tukey’s test.
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Based on these physiological experiments, we hypothesized that the differential effect of the N forms nitrate 
and urea on tiller formation in barley is also valid under field conditions. For the field trails, we used winter 
wheat, not only because of its higher agronomic importance but also to verify our hypothesis in another cereal 
crop species that has a lower tillering potential than  barley29. Nonetheless, tiller formation in either species 
responds in a highly similar manner to environmental triggers, including photoperiod sensitivity or nutrient 
 supply16,29,31,32. Also, major components in the genetic control of tillering are shared between wheat and  barley33. 
In field-grown winter wheat, the supply of nitrate in the starter dressing enhanced tiller numbers mostly in a 
dose-dependent manner, whereas the stimulating effect of urea-derived N on tillering was significantly weaker 
at least in three out of four environments (Fig. 4A–D). The requirement for higher doses of fertilizer-nitrate to 
stimulate tillering was most likely due to the presence of reduced soil N forms, which are usually more abundant 
in fertile soils and after mild winters with higher mineralization of organic matter. Hence, the dose–effect of 
nitrate was apparently stronger on the less fertile site at Dörrhof with lower organic matter content (Supple-
mentary Fig. 4B). Further promoted by higher precipitation during the grain-filling period, the elevated tiller 
number at Dörrhof in 2006/2007 also translated into higher grain yield (Fig. 4D, Supplementary Fig. 5D). In the 
other cases, tiller abortion may have exerted a significant impact, increasing in importance for a cultivar’s yield 
performance when the generative growth period falls  dry42. Indeed, in the drier season 2005/2006 (Supplemen-
tary Fig. 3), urea-fertilized plants with lower tiller numbers tended to yield better (Fig. 4A,B; Supplementary 
Fig. 5A,B), which may be due to lower water consumption of a less dense plant stand. By contrast, the low tiller 
number of urea-fertilized plants at Dörrhof in 2006/2007 (Fig. 4D) most likely prevented achieving the full yield 
potential despite an increase in test weight (Supplementary Fig. 6D). The tillering-controlling effect of the ferti-
lized N form was further confirmed in another trial that also addressed the question of the genotypic variation 
in this response. While the genotypic variation in tiller number was similarly high under fertilization of either 
N form, relative differences among cultivars differed substantially in the two fertilizer treatments (Fig. 5). This 
indicated a considerable impact of the genetic constitution of a wheat cultivar on the tillering response to either 
N form. To what extent genotypic control over N-responsive tiller formation can be exploited in crop breeding 
will depend on the firm implementation of defined N fertilization strategies and the identification of genomic 
loci associated with differential tillering responses to either N form in larger gene pools.

The present investigations give reason to consider more intensively the effects of fertilizer N forms on plant 
development, thus N fertilizer choice within current mineral N fertilizer practices. Based on this work, we recom-
mend employing N fertilizer forms in the starter dressing that will adjust tiller number according to the tillering 
already achieved. If winter cereals have suffered from a short vegetation period due to late sowing or a strong 
winter and produced low tiller numbers, nitrate-based starter dressing will favor subsequent tillering. In con-
trast, if plants have passed a mild winter or an early sowing date that allowed more intensive tiller formation, the 
application of stabilized urea or ammonium fertilizers will suppress further tillering. Under dry or unfavorable 
conditions of generative growth, lower tiller numbers will favor grain setting and grain filling. Thus, we propose 
that cytokinin-mediated signaling effects caused by using different N forms can be employed as an additional 
management tool to control tiller number and thus a major yield component, even though the final impact on 
grain yield will further depend on tiller abortion and other cytokinin-dependent developmental processes like 
leaf senescence. Considering tiller-controlling N forms is particularly relevant for future fertilization strategies, 
which must respond with higher versatility to more extreme weather conditions in a changing global climate.

Material and methods
Plant material and growth conditions. Summer barley (cv. Henni) seeds were germinated in the dark 
for 4 days in  CaSO4-saturated quartz sand before transfer to nutrient solution containing 1 mM  KH2PO4, 1 mM 
 MgSO4, 250 µM  K2SO4, 250 µM  CaCl2, 100 µM Na-Fe-EDTA, 50 µM KCl, 30 µM  H3BO3, 5 µM  MnSO4, 1 µM 
 ZnSO4, 1 µM  CuSO4, and 1 µM  NaMoO4, pH was buffered at 6.6 by Ca(HCO3)2. Nitrogen was supplied at a 
concentration of 0.5 mM N as nitrate, ammonium, urea or mixtures of them. To suppress exogenous urea deg-
radation by urease liberated from decaying root cells, all treatments were supplied with 75 µg L−1 of the urease 
inhibitor phenylphosphorodiamidate (PPD)43,44. The nutrient solution was renewed once a week during the first 
week and every 3 days for the following weeks. Plants were grown hydroponically under non-sterile conditions 
in a growth cabinet under the following conditions: 16/8 h light/dark; light intensity 280 µmol m−2 s−1; tempera-
ture 25 °C/20 °C and 60% humidity. Tillers were counted at the 7-leaf stage before plants were harvested, and 
shoots and roots freeze-dried and weighed separately. Only visible tillers were counted, but not the emerging 
tillers that were still behind the sheath.

Cytokinin supplementation studies. In a long-term experiment, barley plants were grown hydroponi-
cally until the 3-leaf stage under 0.25 mM  NH4NO3 as sole N source. Then, plants were transferred to 0.5 mM 
 KNO3, 0.38 mM  KNO3 + 0.06 mM urea (25% urea-N) or to 0.12 mM  KNO3 + 0.19 mM urea (75% urea-N) and 
supplemented with 10 µM 6′-benzylaminopurine (BA). Dry weight and tiller number was determined at the 
7-leaf stage.

In a short-term experiment, barley plants were grown on 0.25 mM  NH4NO3 as sole N source until the 5-leaf 
stage before being exposed to N-free nutrient solution for 24 h. Subsequently, plants were transferred to either 
0.5 mM N in the form of  KNO3, urea or  (NH4)2SO4, and after further growth for 36 h 10 µM 6′-benzylaminopu-
rine riboside (BAR) was added to the nutrient solution. 12 h later, shoots were decapitated at the hypocotyl and 
xylem bleeding sap was collected as described above.

Ammonium and urea determination. About 50 mg of freeze-dried and ground plant tissue were mixed 
with 1 ml 10 mM ice-cold formic acid in an Eppendorf tube, vortexed and centrifuged at 16,000 g (4 °C) for 
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15 min to recover the supernatant. Ammonium was determined according to Husted et al. (2000)45. 30 µL of 
the sample were injected into a column-less HPLC system running with a 3 mM o-phthalaldehyde- and 10 mM 
mercaptoethanole-containing reaction buffer (100 mM  K2HPO4, pH 6.8). The reaction capillary was incubated 
at 80 °C and the samples were read at 410 nm (excitation) and 470 nm (emission).

Urea concentrations were determined based on a colorimetric reaction used by Kyllingsbaek (1975)46. Approx. 
50 mg freeze-dried plant tissues were milled and suspended in 1 ml of cold 10 mM formic acid. After centrifuga-
tion at 13,200 rpm and 4 °C for 15 min, 30 μl of the supernatant were incubated with 1 ml of a colour develop-
ment reagent (4.6 mM diacetylmonoxime, 1.28 mM thiosemicarbazide, 6.6%  H2SO4, 14.6 µM ferric chloride 
hexahydrate and 0.006% ortho- phosphoric acid) at 99 °C for 15 min, and then cooled down at 4 °C for 5 min. 
Absorbance at 540 nm was measured with a photometer. The ureides allantoin, ornithine, arginine and uric acid 
did not interfere with urea determinations, however, other ureides were not tested.

Collection of xylem bleeding sap. Stems of barley plants were cut approx. 10 mm above the hypocotyl 
before the cut surface was rinsed with bidistilled water and blotted dry with kimwipes. A silicon tube (diameter 
1–4 mm, length 40 mm) was pulled over the cut stem surface, and xylem bleeding sap was collected during a 
period of 4 h. To increase the build-up of root pressure, the nutrient solution was supplemented with 0.5 mM 
 K2SO4. Xylem bleeding sap of approx. 20 plants was pooled into one biological replicate, while three replicates 
per treatment were taken.

Cytokinin and K determinations. Cytokinins in the xylem sap were determinated according to Bangerth 
(1994)47. The pH of the samples was adjusted to 8, and samples were purified by polyvenylpyrrolidone (PVPP) 
chromatography. The sample pH was then adjusted to pH 3 and samples were transferred to a methanol-acti-
vated C-18 Sep Pak cartridge (Walters, Milford, Mass. USA), which is able to bind cytokinins. The cartridge was 
rinsed with 15% (v/v) methanol in 0.1 M acetic acid and cytokinins were eluted by increasing methanol con-
centrations in the eluent. First zeatin and zeatin-riboside were eluted with 4 ml of 30% (v/v) methanol in 0.1 M 
acetic acid and then isopentenyl-adenine (i-Ado) and isopentenyl-adenosine (i-Ade) were eluted with 80% (v/v) 
methanol in 0.1 M acetic acid. The samples were vacuum evaporated and the cytokinins were determined by 
radioimmunoassay (RIA)48. All immunoassays were performed in triplicates. K concentrations were determined 
in the raw xylem exudate samples by flame photometry.

Field trials. Field trials were conducted on a loamy silt under 488 mm annual rainfall in Northeastern Ger-
many (site Langenstein) with the winter wheat cultivar Cubus or on a loamy clay under 720 mm annual rainfall 
(site Dörrhof) in Southern Germany with the winter wheat cultivar Schamane, the latter being better adapted to 
climate condition at the site Dörrhof. Wheat was sown and fertilized with 30 kg ha−1 N as ammonium sulfate in 
October. In March, plots were fertilized with urea coated with the urease inhibitor N-(n-butyl)thiophosphoric 
tiamide (NBPT), AGROTAIN, via spray application to granules, urea plus nitrification inhibitor (dicyandiamide 
and triazole) as commercial product or ammonium nitrate at a rate of 40 or 80 kg ha−1 N in 2006 and 30 or 
60 kg ha−1 N in 2007. This way of N fertilization circumvented the application of accompanying salts and thus 
the application of additional fertilizers to balance possible effects of accompanying salts. All fertilizers were 
applied in granular form. At BBCH 31/32, 60 kg N ha−1 and at BBCH 39, 40 kg N ha−1 of ammonium nitrate 
was applied. Other treatments followed local agricultural practice required for a yield level of 10 t ha−1 at the site 
Langenstein and 9 t ha−1 at the site Dörrhof. The screening of 22 commercial varieties of winter wheat was con-
ducted on a loamy silt under 592 mm annual rainfall in Northeastern Germany (site Gatersleben) in the growth 
period 2009/2010. In March, plots were fertilized with urea coated with NBPT or ammonium nitrate at a rate 
of 80 kg N ha−1. In all experiments, tiller number was determined at BBCH 31, while other yield components 
were determined before or at harvest. Crops were sown in a fully-randomized block design with four replicates 
per treatment.

Received: 30 April 2020; Accepted: 5 November 2020

References
 1. Heffer P., Prud´homme M. (2016) Global nitrogen fertilizer demand and supply: trend, current level and outlook. Proceedings of 

International Nitrogen Initiative Conference, Melbourne, December 4–8, 2016.
 2. Thomson, C. J., Marschner, H. & Römheld, V. Effect of nitrogen fertilizer form on pH of the bulk soil and rhizosphere, and on the 

growth, phosphorus, and micronutrient uptake of bean. J. Plant Nutr. 16, 493–506 (2008).
 3. Chien, S. H., Gearhart, M. M. & Villagarcia, S. Comparison of ammonium sulfate with other nitrogen and sulfur fertilizers in 

increasing crop production and minimizing environmental impact: a review. Soil Sci. 176, 327–335 (2011).
 4. Cantarella, H., Otto, R., Soares, J. R. & de Brito, S. A. G. Agronomic efficiency of NBPT as a urease inhibitor: a review. J. Adv. Res. 

13, 19–27 (2018).
 5. Liu, Y., Ding, Y., Wang, Q., Meng, D. & Wang, S. Effects of nitrogen and 6-benzylaminopurine on rice tiller bud growth and changes 

in endogenous hormones and nitrogen. Crop Sci. 51, 786–792 (2011).
 6. Le, L., Zhang, Y. & Xu, G. How does nitrogen shape plant architecture?. J. Exp. Bot. 71, 4415–4427 (2020).
 7. Escobar, M. A., Geisler, D. A. & Rasmusson, A. G. Reorganization of the alternative pathways of the Arabidopsis respiratory chain 

by nitrogen supply: opposing effects of ammonium and nitrate. Plant J. 45, 775–788 (2006).
 8. Guo, S., Brück, H. & Sattelmacher, B. Effect of supplied nitrogen form on growth and water uptake of French bean (Phaseolus 

vulgaris L.) plants. Plant Soil 239, 267–275 (2007).
 9. Huber, D. M. & Watson, R. D. Nitrogen form and plant disease. Annu. Rev. Phytopathol. 12, 139–165 (1974).



10

Vol:.(1234567890)

Scientific Reports |        (2020) 10:20504  | https://doi.org/10.1038/s41598-020-77467-3

www.nature.com/scientificreports/

 10. Ding, L. et al. Root ABA accumulation enhances rice seedling drought tolerance under ammonium supply: interaction with 
aquaporins. Front. Plant Sci. 7, 1206 (2016).

 11. Gonzalez-Hernandez, A. I. et al. Ammonium mediated changes in carbon and nitrogen metabolisms induce resistance against 
Pseudomonas syringae in tomato plants. J. Plant Physiol. 239, 28–37 (2019).

 12. Zaman, M., Nguyen, M. L., Blennerhassett, J. D. & Quin, B. F. Reducing  NH3,  N2O and  NO3
−–N losses from a pasture soil with 

urease or nitrification inhibitors and elemental S-amended nitrogenous fertilizers. Biol. Fertil. Soils 44, 693–705 (2008).
 13. Sigurdarson, J. J., Svane, S. & Karring, H. The molecular processes of urea hydrolysis in relation to ammonia emissions from 

agriculture. Rev. Environ. Sci. Biotechnol. 17, 241–258 (2018).
 14. Blankenau, K., Olfs, H.-W. & Kuhlmann, H. Strategies to improve the use efficiency of mineral fertilizer nitrogen applied to winter 

wheat. J. Agron. Crop Sci. 188, 146–154 (2002).
 15. Guo, Z. & Schnurbusch, T. Variation of floret fertility in hexaploid wheat revealed by tiller removal. J. Exp. Bot. 66, 5945–5958 

(2015).
 16. Alzueta, I., Abeledoa, L. G., Mignone, C. M. & Miralles, D. J. Differences between wheat and barley in leaf and tillering coordina-

tion under contrasting nitrogen and sulfur conditions. Eur. J. Agron. 41, 92–102 (2012).
 17. Berry, P. M., Spink, J. H., Foulkes, M. J. & Wade, A. Quantifying the contributions and losses of dry matter from non-surviving 

shoots in four cultivars of winter wheat. Field Crops Res. 80, 111–121 (2003).
 18. Evers, J. B., Vos, J., Andrieu, B. & Struik, P. C. Cessation of tillering in spring wheat in relation to light interception and red:far-red 

ratio. Ann. Bot. 97, 649–658 (2006).
 19. Wang, X. T. & Below, F. E. Cytokinin in enhanced growth and tillering of wheat induced by mixed nitrogen source. Crop Sci. 36, 

121–126 (1996).
 20. Chen, J.-G., Cheng, S.-H., Cao, W. & Zhou, X. Involvement of endogenous plant hormones in the effect of mixed nitrogen source 

on growth and tillering of wheat. J. Plant Nutr. 21, 87–97 (1998).
 21. Tanaka, R. & Nakano, H. Barley yield response to nitrogen application under different weather conditions. Sci. Rep. 9, 8477 (2019).
 22. Ruyter-Spira, C., Al-Babili, S., van der Krol, S. & Bouwmeester, H. The biology of strigolactones. Trends Plant Sci. 18, 72–83 (2013).
 23. Ferreira, J. F. & Kieber, J. J. Cytokinin signalling. Curr. Opin. Plant Biol. 8, 518–525 (2005).
 24. Garnica, M., Houdusse, F., Zamarreno, A. M. & Garcia-Mina, J. M. The signal effect of nitrate supply enhances active forms of 

cytokinins and indole acetic content and reduces abscisic acid in wheat plants grown with ammonium. J. Plant Physiol. 167, 
1264–1272 (2010).

 25. Sakakibara, H. Cytokinins: activity, biosynthesis, and translocation. Annu. Rev. Plant Biol. 57, 431–449 (2006).
 26. Walch-Liu, P., Neumann, G., Bangerth, F. & Engels, C. Rapid effects of nitrogen form on leaf morphogenesis in tobacco. J. Exp. 

Bot. 51, 227–237 (2000).
 27. Rahayu, Y. S. et al. Root-derived cytokinins as long-distance signals for  NO3−-induced stimulation of leaf growth. J. Exp. Bot. 56, 

1143–1156 (2005).
 28. Wiesler, F. Agronomical and physiological aspects of ammonium and nitrate nutrition of plants. Z. Pflanzenernaehr. Bodenk. 160, 

227–238 (1997).
 29. Miralles, D. J. & Richards, R. A. Responses of leaf and tiller emergence and primordium initiation in wheat and barley to inter-

changed photoperiod. Ann. Bot. 85, 655–663 (2000).
 30. Krogmeier, M. J., McCarty, G. W. & Bremner, J. M. Phytotoxicity of foliar-applied urea. Proc. Natl. Acad. Sci. U.S.A. 86, 8189–8191 

(1989).
 31. Prystupa, P., Slafer, G. A. & Savin, R. Leaf appearance, tillering and their coordination in response to NxP fertilization in barley. 

Plant Soil 255, 587–594 (2003).
 32. Rodriguez, D., Pomar, M. C. & Goudriaan, J. Leaf primordia initiation, leaf emergence and tillering in wheat (Triticum aestivum 

L.) growing under low phosphorus conditions. Plant Soil 202, 149–157 (1998).
 33. Nadolska-Orczyk, A., Rajchel, I. K., Orczyk, W. & Gasparis, S. Major genes determining yield-related traits in wheat and barley. 

Theor. Appl. Genet. 130, 1081–1098 (2017).
 34. Simmons, S. R., Rasmusson, D. C. & Wiersma, J. V. Tillering in barley: genotype, row spacing, and seeding rate effects. Crop Sci. 

22, 801–805 (1982).
 35. Slafer, G. A. Genetic basis of yield as view from a crop physiologist´s perspective. Ann. Appl. Biol. 142, 117–128 (2003).
 36. Diekmann, F. & Fischbeck, G. Differences in wheat cultivar response to N supply. I: differences in grain yield formation. J. Agron. 

Crop Sci. 191, 351–361 (2005).
 37. Bremner, P. M. & Rawson, H. M. The weight of individual grains of the wheat ear in relation to their growth potential, the supply 

of assimilate and interaction between grains. Aust. J. Plant Physiol. 5, 61–72 (1978).
 38. Takei, K. et al. AtIPT3 is a key determinant of nitrate-dependent cytokinin biosynthesis in Arabidopsis. Plant Cell Physiol. 45, 

1053–1062 (2004).
 39. Kiba, T., Takei, K., Kojima, M. & Sakakibara, H. Side-chain modification of cytokinins controls shoot growth in Arabidopsis. Dev. 

Cell 27, 452–461 (2013).
 40. Ko, D. et al. Arabidopsis ABCG14 is essential for the root-to-shoot translocation of cytokinin. Proc. Natl. Acad. Sci. 111, 7150–7155 

(2014).
 41. Zhang, K. et al. Arabidopsis ABCG14 protein controls the acropetal translocation of root-synthesized cytokinins. Nat. Commun. 

5, 3274 (2014).
 42. Izanloo, A., Condon, A. G., Langridge, P., Tester, M. & Schnurbusch, T. Different mechanisms of adaptation to cyclic water stress 

in two South Australian bread wheat cultivars. J. Exp. Bot. 59, 3327–3346 (2008).
 43. Martens, D. A. & Bremner, J. M. Effectiveness of phosphoroamides for retardation of urea hydrolysis in soils. Soil Sci. Soc. Am. J. 

48, 302–305 (1984).
 44. Pedrazzini, F., Tarsitano, R. & Nannipieri, P. The effect of phenyl phosphorodiamidate on urease activity and ammonia volatiliza-

tion in flooded rice. Biol. Fertil. Soils 3, 183–188 (1987).
 45. Husted, S., Hebbern, C. A., Mattsson, M. & Schjoerring, J. K. A critical experimental evaluation of methods for determination of 

 NH4
+ in plant tissue, xylem sap and apoplastic fluid. Physiol. Plant. 109, 167–179 (2000).

 46. Kyllingsbaek, A. Extraction and colorimetric determination of urea in plants. Acta Agric. Scand. 25, 109–112 (1975).
 47. Bangerth, F. Response of cytokinin concentration in the xylem exudate of bean (Phaseolus vulgaris L.) plants to decapitation and 

auxin treatment and relationship to apical dominance. Planta 194, 439–442 (1994).
 48. Bohnert, J. & Bangerth, F. Cell number, cell size and hormone levels in semiisogenic mutants of Lycopersicon pimpinellifolium 

differing in fruit size. Physiol. Plant. 72, 316–320 (1988).

Acknowledgements
We thank Fritz Bangerth, Univ. Hohenheim, for fruitful discussions and providing antibodies for ELISA. We 
further thank Carolin Stahl, Elke Sprich and Elke Dachtler, Univ. Hohenheim, for skillful technical assistance 
and the NU Agrar GmbH for assistance with the field trials. This work was supported by a grant from the Ger-
man research foundation DFG, Bonn, and a grant from the Landwirtschaftliche Rentenbank, Bonn, to NvW 



11

Vol.:(0123456789)

Scientific Reports |        (2020) 10:20504  | https://doi.org/10.1038/s41598-020-77467-3

www.nature.com/scientificreports/

(WI1728/8-1 and 11-1). This paper is dedicated to Prof. Dr. Fritz Bangerth, University of Hohenheim, Germany, 
for his inspiring work in phytohormone research.

Author contributions
B.B. and N.W. conceived ideas and designed the study; B.B. collected data; B.B. and N.W. analysed data and wrote 
the manuscript. Both authors contributed critically to drafts and gave final approval for publication.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https ://doi.org/10.1038/s4159 8-020-77467 -3.

Correspondence and requests for materials should be addressed to N.v.W.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

© The Author(s) 2020

https://doi.org/10.1038/s41598-020-77467-3
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Modulating tiller formation in cereal crops by the signalling function of fertilizer nitrogen forms
	Results
	Discussion
	Material and methods
	Plant material and growth conditions. 
	Cytokinin supplementation studies. 
	Ammonium and urea determination. 
	Collection of xylem bleeding sap. 
	Cytokinin and K determinations. 
	Field trials. 

	References
	Acknowledgements


