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Abstract Bermudagrass is the most important

warm-season pasture in the Southern USA with

exceptional forage production potential and abiotic

stress tolerance. However, it requires high nitrogen

(N) supply to reach its full biomass and quality

potential. Our objectives were to: (1) develop a

nitrogen use efficiency (NUE) screening protocol for

bermudagrass in controlled or semi-controlled condi-

tions, (2) identify contrasting genotypes for NUE from

natural variants and, (3) develop a knowledge base of

NUE in bermudagrass. A collection consisting 290

Cynodon sp. genotypes was first pre-screened in the

greenhouse. Thirty-nine genotypes with high NUE,

five with low NUE were selected for further evalua-

tions along with 5 checks in greenhouse and hoop-

house under four N rates. Biomass, crude protein and

N content were evaluated. N uptake efficiency

(NUpE), N utilization efficiency (NUtE) and NUE

were calculated based on biomass production. Geno-

types showed significant influences (P\ 0.0001) in

all of the response variables. The genotype 9 N rate

interaction was not significant for NUE in both

environments. NUE had strong correlation with

biomass production and NUpE, which got stronger

as N rates increased. In N limiting conditions,

bermudagrass showed a trade-off between biomass

maintenance and crude protein content. Lower N

applications increased biomass production over crude

protein. However, when N is abundant the crop has the

ability to improve crude protein. Several genotypes

presented high NUE due their high NUtE and NUpE.

Genotypes with contrasting NUE were selected and

subjected to further field evaluation. Superior geno-

types for NUE will be used in the breeding program to

enhance NUE in bermudagrass.

Keywords Bermudagrass � Biomass � Forage �
Nitrogen-use-efficiency � Crude protein

Introduction

Warm season perennial grasses are the foundation of

pasture systems in the Southeast USA (Evers 1985)

where cattle production is one of the main agricultural

products (U.S. Census of Agriculture 2012). Among

the tropical species, bermudagrass became the most

important forage due its ability to adapt to a wide
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range of soils, aggressive growth, grazing tolerance,

and ability to produce high yields of good quality

forage when soil nutrients are not restricted (Redfearn

and Rice 2014). The hybrid bermudagrass varieties

e.g., Coastal, started to be developed in the 1940s

(Burton 1948), which produced more than twice as

much forage as common bermudagrass at moderate

fertility levels (Burton and DeVane 1952). Since then

several varieties have been selected for a broad range

of desirable characteristics such as forage yield, crude

protein, digestibility, winter hardiness, and disease

resistance (Burton and Monson 1984, 1988; Burton

et al. 1993; Taliaferro et al. 2002). A useful description

of most bermudagrass forage cultivars is available at

Corriher and Redmon (2011).

The forage varieties of bermudagrass are very

responsive to nitrogen (N) fertilization (Burton and

Jackson 1962). Fisher and Caldwell (1959) obtained

maximum hay and protein production in an irrigated

pasture when 1320 and 1490 kg ha-1 of N were

applied, respectively. Prine and Burton (1956) showed

that Coastal responded favorably to N fertilization up

to 1009 kg ha-1 in a growing season with 990 mm of

rainfall, but it reached less than half of that production

in a dry year. Usually, N recommendations depend on

the desired forage production. In general, it is recom-

mended to apply at least 220 kg ha-1 of N since the

availability of this nutrient is considered the most

limiting factor for bermudagrass production (Redfearn

et al. 2010).

Currently, less than 50% of the reactive N world-

wide added onto cropland is converted into harvested

products (Tilman et al. 2002; Fageria and Baligar

2005; Lassaletta et al. 2014). Pan et al. (2016) found

that, globally, up to 64% (an average of 18%) of

applied N was lost via NH3 volatilization, and the

losses significantly increased with higher N applica-

tion rate. Another part of the N applied is lost by

Nitrate leaching, which is also a major worldwide

cause of groundwater pollution (Sanz-Cobena et al.

2012). A crop that demands large amounts of N

fertilization to reach full production implies large

agronomic, economic, and energetic inefficiencies, as

well as a large potential for excess N to be lost from

crop fields causing environmental pollution (Nesheim

et al. 2015).

The implementation of agricultural systems or

crops with higher nitrogen use efficiency (NUE) is

critical to reduce costs and maintain agricultural

production in a sustainable way. The concept of

NUE utilized in our work is the same described by Xu

et al. (2012) which consists of the combination of

nitrogen uptake efficiency (NUpE) and nitrogen

utilization efficiency (NUtE). This process is governed

by the interaction of multiple genetic and environ-

mental factors (Xu et al. 2012). NUpE is the plant’s

ability to absorb the N available in the soil. It is a

function of root biomass, morphology, ability to

explore regions with abundant nutrients and physio-

logical capacity for nutrient uptake (Glass 2003). It

also requires adequate sinks for temporary and long

term nutrient storage (Hawkesford 2011). According

to Dawson et al. (2008) increasing the recovery of N

from fertilizer is an immediate way of improving

agricultural NUE in crops. N losses by leaching and

denitrification can be decreased by breeding crop

varieties more efficient at capturing soil N during the

entire growing season (Xu et al. 2012). NUtE, on the

other hand, consists of the yield of the crop per unit of

N acquired by the plant (Hawkesford 2011). When

plants are growing in limited N conditions NUtE is an

essential process and determines most of the variation

in the NUE (Ågren 1985; Hirel et al. 2001).

N uptake and utilization efficiency are related to

different morphological and physiological character-

istics and are regulated by different genetic factors

(Hirel et al. 2001; Masclaux-Daubresse et al. 2010),

which enables the combination of favorable alleles

when breeding for NUE. Increased N uptake and

utilization efficiency may allow growers to maximize

yield under a moderate rate of N fertilization instead of

the traditional high rate of applications (Anbessa and

Juskiw 2012).

The definition of NUE is not fixed and usually

diverges from an ecological to agricultural point of

view. Environmental conditions and characteristics of

the crop also affect the importance of the different

aspects of NUE. Therefore, the first step in a breeding

project is to determine the main traits which can

contribute to improvements in NUE and define the

desired phenotype (Dawson et al. 2008). The current

study is part of a bigger project which aims to select

bermudagrass genotypes with higher NUE than the

existing varieties based on the biomass production,

yet, with minimal reduction in forage quality.

This paper investigates NUE in a collection of

bermudagrass accessions. The objectives were to

develop a NUE screening protocol for bermudagrass
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in controlled or semi-controlled conditions, identify

contrasting genotypes for NUE from natural variants

and, develop a knowledge base of NUE in

bermudagrass.

Materials and methods

Selection of plant materials

The initial germplasm collection consisted of 290

genotypes of Cynodon dactylon L. and related species

from 34 countries including di-, tri-, tetra-, penta- and

hexa-ploid genotypes. Among these, 146 plant intro-

ductions (PIs) were from the bermudagrass core

collection maintained at Tifton, GA, 137 PIs from

the National Plant Germplasm System (NPGS) main-

tained at Griffin, GA and seven are commercial

cultivars. A preliminary experiment was carried out in

greenhouse to standardize a screening protocol and

also to narrow down the number of genotypes. Based

on this preliminary experiment data, 39 genotypes

with high NUE, five genotypes with low NUE and five

commercial cultivars were selected among the initial

germplasm. The 49 genotypes selected based on NUE

were utilized for further studies performed in green-

house and hoop-house under four N rates, which are

presented in this manuscript.

The whole germplasm collection (290 genotypes)

has been maintained as clonal ramets in the Noble

Research Institute greenhouse and is also being

evaluated in an association mapping population

(AMP) field study for NUE in bermudagrass.

Greenhouse and hoop house evaluations

For the greenhouse experiment, four bermudagrass

ramets of each genotype were planted in cones

(175 9 51 mm) filled up with 580 metro Mix. After

6 weeks of growth, the plants were transferred to 2.5 L

vases (165 9 150 mm) containing 2.0 kg of pasteur-

ized soil. The soil was collected from an Ardmore, OK

field with inherently low in N (2 mg NO3 kg
-1), 5.7

pH and 1.1% of organic matter. The soil was

pasteurized to eliminate the presence of microorgan-

isms and weed seed. The vases were placed in plastic

saucers (140 9 80 mm) containing 3 cm of perlite.

The vases fitted tightly in the saucers restricting

evaporation and the perlite helped the roots to grow

and reach extra solution leached from the vases. Top

of vases were filled with 2 cm layer of perlite to reduce

evaporation loss andmoss growth. After transplanting,

the plants were cut back and a nutrient solution

(without N) was added to each pot depending on the

initial soil sample analysis. The experiment was

conducted following a split-plot complete randomized

design (CRD) with 3 replications. N rates were

considered as main plot and genotypes as sub-plot

treatments. The greenhouse experiment set-up can be

visualized in Fig. 1. The growth conditions were set at

32.2 �C day and 21.1 �C night temperature and a 16 h

light regimen. The four N rates, as urea, were 0 (N0),

100 (N1), 200 (N2) and 400 (N3) mg N kg-1 soil (N?

treatments). Fertilizer was added in two split applica-

tions after first and second clippings. Biomass pro-

duction was obtained by clipping the plants four times

at 7 cm height with intervals of approx. 30 days. Fresh

weights were taken and samples were dried at 75 �C
for 72 h to obtain biomass production in grams of dry

matter (DM). Only the above ground biomass, which

is the plant part utilized as forage, was measured in our

study. The total N content of the harvested samples

was determined by high temperature combustion

method (Leco Co. CNH-600 elemental analyzer, Saint

Joseph, MI, at TAMU Soil, Water and Forage Testing

Laboratory) and also estimated through NIRS (Near

Infra-Red Spectroscopy). The crude protein content

(%) was obtained multiplying the N content by 6.25.

An open-ended plastic-covered hoop-house located

in the field was used to evaluate the plants (Fig. 1).

The goal was to evaluate the plants in semi-field

condition. The soil utilized in the hoop-house con-

tained 0.5 mg NO3 kg
-1, 7.7 pH and 1.7% of organic

matter. Two 18.9 L buckets (368 9 260 mm) were

utilized placing one bucket inside the other. The inside

bucket contained six holes to allow the passage of

solution and roots, and was filled with 18 kg of soil.

The outside bucket (without holes) kept any solution

leaching through the soil and made it available to the

plant roots. One rooted ramet of each genotype was

planted in cones (175 9 51 mm) containing 580

MetroMix. In genotypes with very small tillers, 2

tillers were used. Eight-week old plants were trans-

ferred to the buckets in hoop-house on April 28th,

2016. The experiment was done following split-plot

design as discussed earlier. Weeds were manually

removed each week. Watering was done manually and

optimization of watering was done visually. The four
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N rates used in the hoop-house, as urea, were 0 (N0),

75 (N1), 150 (N2) and 300 (N3) mg N kg-1 soil (N?

treatments), which was divided in three equal appli-

cations. The N rates utilized in the greenhouse and

hoop-house corresponded to very low (N0), insuffi-

cient (N1), sufficient (N2) and excessive (N3) N

availability. In the hoop-house the plants were clipped

on June 6th, June 29th, July 26th and August 25th. The

data for biomass production and N content was

obtained following the method described in the

greenhouse experiment.

Calculating NUE

The NUE of the genotypes was calculated according to

Moll et al. (1982), biomass produced per unit of N

available in the soil, with minor modifications. NUE is

the product of NUpE and NUtE. Where, NUpE is the

capacity of plant roots to acquire N from the soil. And,

NUtE is the plant biomass productivity per unit of N

uptake (Nup), calculated following the protocol of

Hawkesford (2011). The Nup is N contained in the

plant biomass. The amount of N available (Nav) in the

soil is quantified as the sum of the N from fertilizer

applied (Nf) plus the N uptake by aboveground plant

tissues (Nt) in pots with no N fertilizer applied (N0)

(Fageria and Baligar 2005).

The formulas used are:

Nav gð Þ ¼ Nf gð Þ þ Nt gð Þ

NUpE %ð Þ ¼ Nup g=Nav gð Þ � 100

NUtE g � g�1
� �

¼ biomass gð Þ=Nup gð Þ and

NUEðg � g�1Þ ¼ biomass gð Þ=Nav gð Þ

Fig. 1 Bermudagrass genotypes before second clipping evaluated in a greenhouse experiment (left) and the same genotypes before

third clipping evaluated in a hoop-house experiment (right)
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Statistical analysis

The data sets from hoop-house and greenhouse were

analyzed separately. The response variables, biomass

and crude protein, were analyzed combining N0 and

N? traits (all N rates) and also only with N? rates in

order to better visualize the effect of N fertilization

and its interactions. The response variables NUE,

NUpE and NUtE were calculated for N? rates. A split-

plot on completely randomized design (CRD) was

employed to investigate the effects of N rates and

genotypes on each response variable. In the statistical

design, N rates and genotypes were applied to main-

plot and sub-plot, respectively. The replicates were

treated as random factor. The analyses were performed

with proc glm procedure (SAS 9.3). Significance was

declared if P\ 0.05. The minimum LSD statistics

was approximately calculated for each trait since all

sample sizes are not the same for all genotypes. The R2

of the model was calculated for each response

variable. Pearson correlations among response vari-

ables were performed using SAS 9.3.

Results and discussion

Greenhouse and hoop-house evaluations

Highly significant differences (P\0.0001) were

obtained among the genotypes for all response vari-

ables in the greenhouse. The N rates also had

significant effects on the majority of the variables

(Table 1). The exception was for NUpE (P =0.1848,

Table 1) with no differences among the N rates. In the

greenhouse, interactions between genotypes and N

rates were significant for biomass (all N rates), crude

protein (all N rates and N?) and NUtE (Table 1). In the

hoop-house, highly significant differences (P\0.001)

were obtained between genotypes and N rates for all

variables evaluated (Table 1). More significant geno-

type 9 N rate interactions were obtained in the hoop-

house. These were significant for biomass (all N rates

and N?), crude protein (all N rates and N?), NUpE and

NUtE (Table 1).

No significant genotype 9 N rate interaction was

observed for NUE in either greenhouse (P = 0.24) or

hoop-house (P = 0.41) indicating that N use efficient

genotypes are the same in low and high N rates. These

results are different from that obtained in rice (Oriza

sativa L.) (Singh et al. 1998; Wu and Tao 1995) and

maize (Zea mays L.) (Gallais and Hirel 2004; Coque

and Gallais 2007), where significant genotype 9 N

rates interactions for NUE have been found. However,

despite the significant interaction, Singh et al. (1998)

observed that six out of twenty rice genotypes had high

NUE in low N input as well as in high N input. In

wheat, varieties that responded well in low N-inputs

also performed well in high N inputs (Ortiz-Monas-

terio et al. 1997). In forages, studies comparing NUE

among genotypes are scarce. In a related approach to

NUE, Wilkins et al. (2000) evaluated eight perennial

ryegrass varieties at five levels of N fertilizer. Rank of

the varieties was similar for all five N levels for annual

biomass yield and N content.

Biomass and crude protein (at all N rates and N?

rates), NUtE and NUE presented high R2 values

(R2[ 80%) in both environments for the statistical

model utilized (Table 2), which indicates that most of

the variation was explained by the model. NUpE had

R2 close to 80% in hoop-house (R2 = 79) as well,

however the value for NUpE in greenhouse was the

lowest (R2 = 66%) among all studied variables

(Table 2). NUpE is directly related with the root’s

ability to uptake nutrient and depends on root biomass,

morphology and physiology (Glass 2003). The lower

R2 value, no-significant differences among N rates

and, no-significant N rate x genotype interaction for

NUpE only in greenhouse could be an effect of the

small containers utilized in this environment (2.5 L

vases). The smaller container possibly restricted the

root development especially for the genotypes with

higher root growth potential. Poorter et al. (2012)

stated the importance of appropriate pot size since

higher plant mass per pot volume reduces plant growth

and can affect differences between treatments. In

hoop-house, we used 18.9 L vases thus seemed to have

less limitations for shoot and root development

offering more adequate conditions for NUE studies

in bermudagrass.

Biomass production

As expected, the N fertilization strongly affects

biomass production with significant increments as

more N was applied (Table 1, Fig. 2a, b). On average,

the highest relative increments in biomass were

obtained at N1 compared to the plants at N0 (95% in

hoop-house and 174% in greenhouse) (Fig. 2a, b,
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Online resource 2 and 3). The relative increments

tended to be smaller as higher N rates were applied

(13% in the hoop-house and 21% in greenhouse from

N2 to N3) tending to stabilization. In greenhouse the

genotype 272 had the highest biomass production

differing from Tifton-85 which was the best control

across all N rates (Fig. 2a, Table 3). On average, high

NUE genotypes produced more biomass in all N

conditions, especially at N0 in greenhouse and N3 in

hoop-house (Fig. 2a, b). The highest biomass was

obtained by different genotypes in each N rate in the

hoop-house (116 at N0 and N2, 241 at N1 and 275 at

N3). Among the controls, Jiggs had the highest

biomass in hoop-house followed by B2000 and

Tifton-85 (Fig. 2b, Online resource 3). The cultivar

Tifton-85, broadly used for forage, presented high

biomass production (26%more than Coastal) and high

digestibility (11% more than Coastal) when evaluated

in a 3-year trial in Georgia, USA (Burton et al. 1993).

Jiggs can produce equal amounts of biomass to Tifton-

85 having advantage on sites that are tight and poorly

drained (Corriher and Redmon 2011).

Crude protein content

The addition of N also significantly increased the

protein content of bermudagrass in all N rates

(Table 1, Fig. 2c, d). The complete data set of mean

values for crude protein of the genotypes within N

rates can be visualized in the Online resources 4 and 5.

Overall, the genotypes with high NUE presented the

lowest protein in N0, N1 and N2 (Fig. 2c, d). However,

these genotypes improved their performance in rela-

tion to the other genotypes at N3 (Fig. 2c, d). The

genotype 272, for example, increased protein content

only by 1% at N1 compared to N0, staying under 10%

of protein in both environments. However, the incre-

ments went up to 3% at N2 and 5% at N3 (Fig. 2c, d).

At the highest N rate, genotype 272 had protein

content higher than 17% close to the average of all

genotypes in both environments. The genotype with

the highest NUE in hoop-house (275) also improved in

Table 1 F test of fixed

effects for biomass, crude

protein, nitrogen uptake

efficiency, nitrogen

utilization efficiency, and

nitrogen use efficiency in

greenhouse and hoop-house

evaluations

Variables N rate Genotype N rate 9 Genotype

Greenhouse

Biomass (all N rates) \ 0.0001 \ 0.0001 0.0163

Crude protein (all N rates) \ 0.0001 \ 0.0001 \ 0.0001

Biomass (N?) 0.0004 \ 0.0001 0.5758

Crude protein (N?) \ 0.0001 \ 0.0001 \ 0.0001

Nitrogen uptake efficiency 0.1848 \ 0.0001 0.0515

Nitrogen utilization efficiency \ 0.0001 \ 0.0001 0.001

Nitrogen use efficiency 0.0002 \ 0.0001 0.244

Hoop-house

Biomass (all N rates) \ 0.0001 \ 0.0001 \ 0.0001

Crude protein (all N rates) \ 0.0001 \ 0.0001 0.0005

Biomass (N?) 0.0024 \ 0.0001 0.0096

Crude protein (N?) \ 0.0001 \ 0.0001 0.0011

Nitrogen uptake efficiency 0.0004 \ 0.0001 0.0007

Nitrogen utilization efficiency \ 0.0001 \ 0.0001 \ 0.0001

Nitrogen use efficiency \ 0.0001 \ 0.0001 0.4143

Table 2 R2 values (%) of the split-plots CRD statistical model

for variables evaluated in greenhouse and hoop-house for

biomass, crude protein, nitrogen uptake efficiency, nitrogen

utilization efficiency and nitrogen use efficiency

Variables Greenhouse Hoop-house

Biomass (all N rates) 94 92

Crude protein (all N rates) 96 95

Biomass (N?) 85 81

Crude protein (N?) 93 93

Nitrogen uptake efficiency 66 79

Nitrogen utilization efficiency 91 93

Nitrogen use efficiency 84 91
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protein from N0 (8.9%) to N3 (16%). However, 275

did not increase its protein as much as 272 did, having

the third lowest protein overall (Fig. 2d). Neither

check cultivars nor high NUE genotypes seemed to be

close to a plateau for protein at N3, indicating potential

to even higher increments. Most of the low NUE

genotypes, even though they had better protein in low

N rates, did not have high potential to improve the

crude protein with the addition of N fertilizer (Fig. 2c,

d).

While for biomass the highest increments occurred

at N1 in relation to N0, for crude protein the N1 rate

provided the lowest increments especially for high

NUE genotypes (Fig. 2). Fisher and Caldwell (1959)

Fig. 2 Biomass (g) (a, b) and crude protein (%) (c, d) of 49
bermudagrass genotypes evaluated in greenhouse (left panel)

and hoop-house (right panel) under four different N rates. Green

and orange points correspond to the five genotypes with the

highest and lowest NUE, respectively, in each environment.

Blue points corresponds to the controls. Grey points are all the

other genotypes. The line graphs show the trends of the highest

NUE genotypes (272 in greenhouse and 275 in hoop-house) and

lowest (264 in greenhouse and 55 in hoop-house) and the

controls (Tifton-85 and Jiggs). The color of the line for the

highest and lowest NUE genotypes varies according to the

ranking of the genotype in each environment (green, orange or

grey)
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also obtained more significant increments in biomass

production than protein when lowN rates were applied

in a bermudagrass pasture. Burton and DeVane (1952)

reported low increments in protein content in split

applications of 56 and 112 kg ha-1 of N while heavy

applications of N (448 kg ha-1) significantly

increased protein. These results indicate that in N

limiting conditions bermudagrass seems to prioritize

biomass production over crude protein. However,

when more N is available bermudagrass has the ability

to improve crude protein content. In our study, we also

observed that some of the high NUE genotypes have

higher potential to improve crude protein than others

with similar NUE. The selection of genotypes with this

potential would enable to obtain genotypes with

superior NUE without losing forage quality.

N uptake efficiency

In the greenhouse there was high variability among the

genotypes in all N rates for NUpE (Fig. 3a). On

average the highest NUpE in greenhouse was 75% at

N2 dropping to 66% at N3 as more N was available

with no statistical significance (Table 1, Online

resource 6). However, the genotype 272, Jiggs and

Tifton-85 maintained NUpE between 75 and 80%

across all the N rates (Fig. 3a). Even though there were

significant differences among the genotypes for NUpE

in the greenhouse the majority of the genotypes

belonged to a common group, especially at N1 and N2

with LSD of 19% (Fig. 3a, Table 3). Among the

controls, Midland had lower NUpE (65.2%) than the

others at N1. Tifton-85, Jiggs, B2000 and Cheyenne

did not differentiate from the first ranked genotypes in

all N rates (307 at N1, 334 at N2 and 277 at N3).

Increased N availability significantly reduced the

NUpE across N rates in hoop-house (Table 2, Fig. 3b).

In the N1 treatment, on average 87% of the available N

was uptaken by the plants. At high N rate (N3), the

NUpE dropped to 61%. In hoop-house, variation for

NUpE among all genotypes was smaller at lowN rates,

which indicated that most of the available N was up

taken by the genotypes (Fig. 3b). As more N was

added, the variability increased and only a few

genotypes had the ability to achieve a NUpE above

75% (Fig. 3b, Online resource 7). In Arabidopsis it

was also observed that the variation in NUE at high N

inputs was mostly due to variation in NUpE (Chardon

et al. 2010). At N3 all low NUE genotypes had NUpE

below 55% while the high NUE genotypes maintained

NUpE between 70 and 80% (Fig. 3b). Tifton-85 had a

slight decrease in NUpE from N1 (84.3%) to N2

Table 3 LSD test values

among genotypes in each N

rate for biomass, crude

protein, nitrogen uptake

efficiency, nitrogen

utilization efficiency and

nitrogen use efficiency in

greenhouse and hoop-house

}Greenhouse: N0 = 0,

N1 = 100, N2 = 200 and

N3 = 400 mg N kg-1 soil.

Hoop-house: N0 = 0,

N1 = 75, N2 = 150 and

N3 = 300 mg N kg-1 soil

Variables N0 N1 N2 N3

Greenhouse}

Biomass (g) 1.4 2.7 2.3 4.8

Crude protein (%) 1.7 1.4 1.9 1.6

Nitrogen uptake efficiency (%) – 19.5 19.2 16.3

Nitrogen utilization efficiency (g g-1) – 7.9 7.2 3.5

Nitrogen use efficiency (g g-1) – 11.5 6.6 6.7

Hoop-house}

Biomass (g) 11.0 16.2 21.3 27.2

Crude protein (%) 1.4 1.4 1.5 1.4

Nitrogen uptake efficiency (%) – 18.0 15.8 13.6

Nitrogen utilization efficiency (g g-1) – 6.8 5.3 3.3

Nitrogen use efficiency (g g-1) – 9.9 7.6 5.4

cFig. 3 Nitrogen uptake (a, b), nitrogen utilization (c, d) and
nitrogen use (e, f) efficiencies of the 49 bermudagrass genotypes

evaluated in greenhouse (left panel) and hoop-house (right

panel) under three different N rates. Green and orange points

correspond to the five genotypes with the highest and lowest

NUE each, respectively, in greenhouse and hoop-house. Blue

points corresponds to the controls. Grey points are all the other

genotypes. The line graphs show the trends of in the highest (272

in greenhouse and 275 in hoop-house) and lowest (264 in

greenhouse and 55 in hoop-house) NUE genotypes and the

controls (Tifton-85 and Jiggs). The color of the line for the

highest and lowest NUE genotypes varies according to the

ranking of the genotype in each environment (green, orange or

grey)
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(81.4%), however at N3, the NUpE drastically

decreased to 57% (Fig. 3b). The genotype 275, with

the highest NUE in hoop-house, was stable in the two

lowest N levels (89%) and decreased only to 76.5% at

the highest N rate. Brentrup and Pallière (2010)

affirms that a scenario of very high as well as very low

NUpE values represent unsustainable crop production.

NUpE values between 90 and 100% represent a risk of

soil mining, where the N required by the plant is not

met by the N input. NUpE values below 70% bring an

increased risk of N losses and should be avoided to

protect the environment (Brentrup and Pallière 2010).

A well-balanced N input and output would have NUpE

of 80–90%, which was obtained, in our hoop-house

study at N2 (150 mg N kg-1 soil) by most of the

genotypes with high NUE. However, the most sus-

tainable N rate for each genotype can only be

determined evaluating NUpE in field conditions.

N utilization efficiency

The NUtE showed an opposite pattern of variability

compared to that observed in NUpE, especially in the

hoop-house (Fig. 3d). At the lowest N rate the genotypes

differed by more than 20 g in NUtE. However, the

variability among genotypes decreased to less than 10 g

in N3 (Fig. 3c, d). These results agree with Coque and

Gallais (2007), who stated that at low N-inputs, both

components (NUpE andNUtE) are involved in theNUE,

however NUtE had the main role. In our study, the high

NUE genotypes presented NUtE values above average

especially in N1 treatment in both the experiments

(Fig. 2c, d). These results indicated that high NUE

genotypes could produce double the biomass per unit of

N uptake than low NUE genotypes especially in N

limiting conditions. TheNUtE values at eachN rate were

very similar between the greenhouse and hoop-house

evaluations, showing consistency of the genotypes

independent of the environments (Fig. 3c, d, Online

resources 8 and 9). The highest NUtE obtained was 67.1

(g g-1) at N1, by 272 in the greenhouse and 223 in the

hoop-house. The main attributes that will provide higher

NUtE are photosynthetic activity, canopy size, longevity,

and sink organ capacity (Hawkesford 2011).

NUtE is the biomass productivity per unit of N

content of the above ground plant parts (Hawkesford

2011). Thus, inevitably the higher the NUtE, the lower

the N content of the plant, in other words, the forage

nutritive values. Sinebo et al. (2004) observed in

barley that genotypes with the highest grain yield had

the lowest N concentration, with N concentration

negatively correlated to NUE. The improvement of

NUE should not be achieved at the expense of other

agronomic traits such as forage quality. Therefore, it is

essential to better understand the physiological basis

of the relationship between NUE, biomass, and N

concentration under limiting and non-limiting N

conditions to achieve a successful selection (Bélanger

and Gastal 2000).

N use efficiency

NUE of the genotypes drastically decreased as more N

was added to the plants (Fig. 3e, f, Table 1). On

average, plants grown in a low N rate produced double

biomass per unit of Nav compared to the highest N

rate. Tilman et al. (2002) reviewed that in general, the

highest NUE occurs at lowest N rate and decreases as

more N is added. Lower NUE at higher N rates can

indicate that plants cannot absorb and/or utilize all the

N added or that the N losses exceeded the rate of plant

uptake (Fageria and Baligar 2005).

Variability for NUE within species was reported in

several crops: spring barley (Hordeum vulgare L.)

(Anbessa et al. (2009), rice (Singh et al. 1998; Wu and

Tao 1995), winter wheat (Triticum aestivum L.) (Van

Sanford and MacKown 1986), maize (Coque and

Gallais 2007). In our study significant differences

between genotypes were also observed for NUE

(Table 1). In greenhouse the genotype 272 obtained

the highest NUE values in all N rates with 55.1, 43.4

and 28 (g g-1) at N1, N2 and N3, respectively

(Fig. 3e, f). On average, 272 was 10% more N use

efficient than the next ranked genotype (genotype 8) in

all N rates, however the difference was not statistically

significant (P\ 0.05) (Fig. 3e, Table 3). When com-

pared to the check cultivars, 272 did not differentiate

from Tifton-85 and Jiggs in any N rates (Fig. 3e,

Table 3) and from B2000 at N3. Midland and

Cheyenne had significantly lower NUE in all N rates

(Online resource 10). In the hoop-house genotype 275

ranked on the top with 56.5, 42.7, 29.1 (g g-1) at N1,

N2 and N3, respectively. On average 275 was 6.1%

and 9.6% more efficient than the cultivars Jiggs and

Tifton-85, respectively, without statistical difference

(Fig. 3f, Table 3). The check cultivars Tifton-85,

Jiggs and B2000 consistently showed high NUE in

both greenhouse and hoop-house experiments while
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Midland and Cheyenne had significantly lower NUE

(Online resource 10 and 11). A separation from the

high and low NUE genotypes across all N rates can be

visualized in the Fig. 3e, f, especially in hoop-house,

which reflects the absence of interaction between N

rate and genotypes. Genotypes with higher NUE at

both low as well in high N rates are the most desirable

in a breeding program (Fageria and Baligar 2005).

Data averaged across greenhouse and hoop-house

experiments showed that the genotypes 272, 8, 241,

322, 223, 102 were ranked among the top-15 in both

environments. Tifton-85 ranked 3rd in the greenhouse

and 12th in the hoop-house, while Jiggs ranked 9th in

both experiments. Genotypes with the highest NUE

across all N rates and also those showing the highest

NUE in different environments can be advantageous

from a breeding perspective and can be utilized as

parents in future breeding programs.

The mean values for NUE and NUpE found in this

study were notably higher than those normally

obtained in other crops. It has been documented that

in cereal crops, i.e., wheat, corn, rice, barley, sorghum

(Sorghum bicolor L.), millet (Pennisetum glaucum

(L.) oat (Avena sativa L.) and, rye (Secale cereale L.),

less than 50% of the N fertilizer applied is transformed

into harvestable products (Raun and Johnson 1999;

Tilman et al. 2002; Fageria and Baligar 2005;

Lassaletta et al. 2014). However, higher NUE has

been obtained in cereal species when utilized as forage

than for grain, like in wheat–rye–ryegrass pasture

(Altom et al. 1996) and corn silage (O’Leary and

Rehm 1990). Thomason et al. (2000) observed that

wheat utilized for forage had higher total N uptake and

NUE than wheat cultivated for grain production in all

four N rates evaluated. The higher N uptake in forages

may be a consequence of the harvests before flower-

ing, when N losses are greater (Altom et al. 1996;

Hooker et al. 1980). Another reason for higher NUE in

forages can be as a result of the shoots being the final

harvested product and they include the majority of the

plant N (Gargallo-Garriga et al. 2014). In grain crops,

besides the NUpE and NUtE, N remobilization

efficiency to the grains is a crucial factor for NUE

(Masclaux-Daubresse et al. 2010; Avice and Etienne

2014). In grazing crops, any increase in NUpE or/and

NUtE can directly increase NUE leading to a higher

biomass production, better quality or both. Conse-

quently, NUE in forages can be a simpler trait to be

selected.

Relationship among N efficiencies

The Pearson correlation analysis indicated that most of

the correlations among biomass, NUtE, NUpE, NUE

and NUp are significant and positive in both environ-

ments (Table 4, Online resource 12). The exceptions

are correlations between NUtE versus NUpE and

NUtE versus NUp. Crude protein is negatively corre-

lated with NUtE, biomass and NUE (Table 4).

Although, NUE is negatively correlated with crude

protein in both experiments, these negative correla-

tions are at least 20% lower in N3 compared to N1.

NUE has high positive correlation with biomass in all

N? treatments, and the relationship became stronger

as higher amounts N were added and reached 99% at

the N3 in both experiments. NUE also had a high

positive correlation with NUpE, which followed the

similar pattern as with biomass and the correlation

increases from N1 to N3 in greenhouse (83–90%) and

hoop-house (70–94%). In contrast, NUE 9 NUtE

correlations tend to decrease as more N was applied.

These results showed advantage in selecting geno-

types in higher N rates. Since NUE does not have

significant genotype 9 N rate interaction an efficient

selection for high NUE plants could be done indepen-

dently of the N rate. Besides that, a selection in higher

N rates would increase the probability to select the

genotypes with highest biomass, NUpE and with

higher potential to increase crude protein content

when N is not limited. Selecting for biomass yield can

effectively select for the combination of NUtE and

NUpE which are very separate traits (Hawkesford

2011). According to Moll et al. (1982) it is important

to find an optimum fertility environment or develop a

selection index based on data at several fertility levels

in order to ensure equal selection pressure on NUtE

and NUpE to effectively select for NUE.

Bermudagrass has been considered a low NUE crop

due the high amounts of N rates that are usually

recommended. However, some genotypes with high

NUE and NUpE were identified even at the highest N

rates. Selection of genotypes with efficient N uptake

and utilization efficiency is an important strategy,

among many others, to achieve higher NUE and

sustainability of the agricultural system (Fageria and

Baligar 2005; Anbessa and Juskiw 2012). Large

improvements in NUE are necessary to increase

livestock and crop production in a sustainable way in

order to meet future global needs (Tilman et al. 2002).
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In this study we observed high potential to optimize

NUE in bermudagrass through selection and breeding

of genotypes with the right traits. To continue this

process genotypes with contrasting NUE were

selected based on the results presented here and are

being evaluated in field conditions for NUE.

Conclusions

We developed a protocol that enabled the screening

and selection of bermudagrass genotypes for contrast-

ing NUE. The bigger vases seemed to have less

limitations for shoot and root development offering

more adequate conditions for NUE studies in ber-

mudagrass. There was no significant genotype 9 N

rate interaction for NUE in bermudagrass under

greenhouse and hoop-house conditions. The bermuda-

grass germplasm presented high variability for NUE.

Some genotypes have high NUE due their high NUtE,

as well as high NUpE even at the highest N rate.

Genotypes with high NUE tend to have the lowest

crude protein content especially in the low N rates.

However, some of these genotypes might have a

superior potential to improve crude protein in non-

restrictive N conditions than others.
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