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Introduction
Turf quality is affected by nutrient availability and ferti-

lizer rate in areas such as lawns, parks, sports fields and golf 
courses. Turfgrass coverage, root and shoot density, and in-
tensity of green color are dependent on nutrient availability, 
N in particular (Gyorgy et al., 2008). Hybrid bermudagrass 
is a widely used warm-season turfgrass for golf courses and 
sports fields, because it can provide a quality playing surface. 
However, N loss in a high quality hybrid bermudagrass turf 
is greater through mowing as bermudagrass grows very fast 
and needs to be mowed frequently. ‘TifEagle’ bermudagrass 
is a variety of hybrid bermudagrass and mainly used on golf 

 Summary
Endophytic diazotrophic bacteria have been found 

within many graminaceous plants in the last decades 
and may contribute to nitrogen (N) nutrition through 
biological nitrogen fixation while promoting growth 
and stress tolerance to host plants. Their colonization 
and growth promotion were reported to be affected 
by plant N nutrition level. However, little is known on 
effects of endophytic diazotrophic bacteria and their 
interaction with N fertilization on turfgrass. A study 
was conducted to evaluate the growth and turf quality 
of ‘TifEagle’ bermudagrass in response to inoculation 
with endophytic diazotroph bacteria at different 
rates of N fertilization. Diazotrophic strains 7D and 
BM13 were previously isolated from native common 
bermudagrass. Bacterial colonization was applied by 
soaking ‘TifEagle’ bermudagrass plants for 24 h with 
liquids of the two diazotrophic strains respectively. 
Four rates of N fertilizer with urea at 0, 2, 4 and 8 g m-2 
were applied to the inoculated and non-inoculated 
‘TifEagle’ bermudagrass once a month after planting. 
Results showed that the growth rate, clipping 
yield, turf quality and shoot dry biomass increased 
with increased N fertilizer rates. Inoculation with 
diazotrophic strains in the absence of N fertilization 
resulted in growth promotion, however at 8 g m-2 of N 
fertilization, there was a significant decrease for root 
dry biomass compared to the non-inoculated plants. 
These results suggest that high N fertilization might 
inhibit the biological N fixation by endophytes in root 
systems. These findings could be helpful in the use 
of endophytic bacteria to supply bermudagrass and 
other turfgrass with biologically fixed N.
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Significance of this study
What is already known on this subject?
• Turfgrass needs frequent application of nitrogen 

to meet growth requirements and compensate for 
nitrogen loss through frequent clippings removal. 
However, excessive use of nitrogen fertilizers has been 
associated with environmental pollution. It has been 
suggested that endophytic diazotrophic bacteria may 
be an efficient means for supplying graminaceous 
plants with biological nitrogen fixation.

What are the new findings?
• The study showed that inoculation with diazotrophic 

strains in the absence of nitrogen fertilization 
resulted in growth promotion of bermudagrass. The 
application of higher amounts of nitrogen fertilizer 
undermined the effect of inoculation.

What is the expected impact on horticulture?
• The diazotrophic strains may be potentially effective 

turfgrass growth promoting bacteria agents. They 
have a potential to be utilized as a biofertilizer for a 
wide variety of plants in various climatic and edaphic 
conditions.

greens in the subtropical and tropical regions. Golf greens 
are the most intensively maintained turf with frequent appli-
cation of N to meet growth requirements and compensate for 
N loss through frequent clippings removal (Koeritz and Stier, 
2009). In addition, turfgrasses are ubiquitous in the urban 
landscape and often associated with various types of envi-
ronmental pollution and lawn ecosystem disruption (Alumai 
et al., 2008). There has been increasing use of synthetic N fer-
tilizers on lawns with urban sprawl in developing countries 
in the last decades. When N enters water, it can endanger 
human health and the biological health of waterways (Rob-
bins et al., 2001). Excessive use of N fertilizers often leads 
to NO3

- leaching. Reported annual rates of N leaching from 
turfgrass range from 0 to 160 kg N ha-1 year-1, representing 
up to 30% of applied N (Barton and Colmer, 2006). Fertilizer 
regime and turfgrass growth stage influence the amounts of 
N leached (Petrovic, 1990). Nitrogen losses from turf surfac-
es can contribute to pollution when fertilization takes place 
improperly (Milesi et al., 2005). Certain lawn care practices 
can provide favorable conditions for N gaseous losses as N2O, 
especially lawns receiving sufficient N and water (Horgan et 
al., 2002). A lawn age-dependent best management practice 
is recommended: a high dose fertilizer input at the initial 
stage of lawn establishment to enhance soil organic carbon 
sequestration, followed by decreasing fertilization rate when 
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the lawn ages to minimize N2O emissions (Gu et al., 2015). 
Biological N fixation technology can play a role in substi-

tuting commercially available N fertilizer use in the turf eco-
system. The isolation of endophytic diazotrophs from crops 
capable of high sustainable yields without input of N ferti-
lizer has suggested that endophytic diazotrophic bacteria 
may be an efficient means for supplying graminaceous plants 
with biological N fixation (Boddey et al., 1995). Because of 
their contribution to the N balance of important plants, these 
symbioses have attracted increasing attention, mainly since 
the use of N fertilizers in agriculture has resulted in unaccep-
table levels of environmental pollution. Biological N fixation 
can be a major source of N in agriculture when symbiotic N2-
fixing systems are used, the amount of N input is reported to 
be as high as 360 kg N ha-1. On the other hand, the N contribu-
tions from associative and free-living diazotrophs are rela-
tively minor, 160 kg N ha-1 (Bohlool et al., 1992). Plants are 
normally associated with diverse microorganisms, especially 
bacteria which contribute to host plants in many ways. Plant-
associated bacteria may exert beneficial effects on their hosts 
by participating in key processes related to nutrient cycling 
and availability or biological control of plant pathogens (Han 
et al., 2005). Endophytic diazotrophs can inhabit intercellu-
lar plant tissue such as roots, stems and leaves without caus-
ing disease, suggesting plants may have symbiotic relation-
ship with diazotrophs during their growth. A number of en-
dophytic diazotrophs have been isolated and characterized 
from several gramineae crops in the recent decade, such as 
rice (Oryza sativa), maize (Zea mays) and sugarcane (Saccha-
rum officinarum) (Baldani et al., 2002; Boddey et al., 2003; 
Hungria et al., 2010).

Associative microorganisms that promote plant growth 
are considered an excellent alternative to enhance agricul-
ture in a sustainable manner (Kennedy et al., 1997). These 
bacteria enhance growth of their host plants through one or 
more ways including N fixation, mineral phosphate solubi-
lization, production of phytohormones and siderophores, 
induced systemic tolerance and antagonistic activities or 
induced systemic resistance to plant (Kloepper et al., 1992; 
Han et al., 2005). They have a potential to be utilized as a 
biofertilizer for a wide variety of plants in various climatic 
and edaphic conditions. However, a previous study reported 
that high levels of mineral ammonium sulphate caused a sig-
nificant decrease in the N2 fixation as measured by acetylene 
reduction activity (ARA) due to the inhibition of nitrogenase 
enzyme synthesis (dos Reis Jr. et al., 2000). 

No reports are found on studies of the effect of inocu-
lation with endophytic diazotrophs at different N fertilizer 
rates on ‘TifEagle’ bermudagrass. Understanding of endo-
phytic bacterial colonization and identification of dominant 
species inhabiting plants throughout the growth period can 
be helpful in formulation of suitable biofertilizer for a par-
ticular grass. The use of biologically fixed N to replace chemi-
cal N fertilizers is an important goal in turf management 
since current turf maintenance requires lots of inputs of fer-
tilizer N (Gyorgy et al., 2008). We isolated two endophytic di-
azotroph strains, Pseudomonas (7D) and Rhizobium (BM13) 
from native common bermudagrasses (Cynodon dactylon) 
(Liu et al., 2014). However, the two strains need to be stud-
ied further on their effects on bermudagrass. The objectives 
of this study were to determine the effect of different rates 
of N fertilizer and inoculation with the two endophytic di-
azotroph strains 7D and BM13 on growth rate, dry clippings, 
turf quality and biomass of ‘TifEagle’ bermudagrass. The re-

sults presented not only expands our basic understanding 
of microbial ecology and plant microbe interactions, but is 
also fundamental for further studies aimed to use entophytic 
bacteria to supply bermudagrass and other turfgrasses with 
biologically fixed N.

Materials and methods
The bermudagrass used was ‘TifEagle’ hybrid bermudag-

rass (Cynodon dactylon × Cynodon transvaalensis). The endo-
phytic diazotroph strains used in this study are Pseudomonas 
(7D) and Rhizobium (BM13). The strain 7D and BM13 were 
originally isolated from the native common bermudagrasses 
(Cynodon dactylon) at South China Agricultural University 
(SCAU). Their colonization and nitrogenase activity have 
been studied in a previous experiment (Liu et al., 2014). 

Greenhouse experiment
A greenhouse experiment was conducted at the Research 

Greenhouse of the College of Agriculture, SCAU. The experi-
mental design used in the experiment was a randomized 
block with three replications and treatments arranged in a 
3×4 factorial scheme, with three inoculums of 7D, BM13 and 
CK (non-inoculated controls),  four rates of N fertilizer (0, 2, 4 
and 8 g m-2 of N) in the form of urea (containing 46% N). The 
‘TifEagle’ bermudagrass maintained at SCAU was collected 
and washed with water prior to planting. The grass was cut 
into stolons (5 cm in length) with three nodes. The stolons 
were surface sterilized with 70% ethanol for 30 s, and then 
soaked in 0.1% HgCl2 solution for 5 min, followed by five 
rinses with the sterilized distilled water. Inoculum (strain 7D, 
strain BM13) was prepared from bacterial cultures grown in 
Ashby media. The bacterial suspensions were centrifuged 
and were adjusted to 109 cells mL-1 with a hemocytometer 
for bacteria (model B1587, Sun Lead Glass Company, Tokyo, 
Japan) under a microscope. Soaking ‘TifEagle’ bermudagrass 
stolons with bacteria liquid in the previous study at our lab 
was proven a practical inoculation method. After soaking we 
employed the green fluorescent protein procedure and con-
firmed the presence and survival of endophytic diazotroph 
strains in roots, stems and leaves of ‘TifEagle’ bermudagrass. 
However, the results have not been published. Therefore, 
similarly stolons of each inoculant treatment in this study 
were soaked in the bacterial inoculum for 24 h while stolons 
for CK were only soaked in sterilized water without inocu-
lum. Ten stolons were planted vertically with three quarters 
of their length into the root zone in each plastic pot (100 mm 
in height, 120 mm in diameter) containing a mixture of 85% 
sand and 15% peat. The root zone mixture was also auto-
claved before used. N fertilizer was applied as a liquid drench 
to the root zone once a month. 

The following day, the stolons were again inoculated 
with the inoculum suspension (109 cells mL-1) of strain 7D or 
BM13. Inoculation was repeated once a month by drenching 
the suspension through the root zone, without disturbing the 
grass root system. Three weeks after the stolons were plant-
ed, the bermudagrass was manually cut at 30 mm height with 
clippings removed. Watering was carried out daily. The pots 
were randomly placed in a plant growth room, and plants 
were grown under controlled conditions at 30°C/20°C day/
night temperature. After six months of plantation, the grass 
was harvested to evaluate the root growth. During the trial, 
weeds were controlled manually and neither pesticide nor 
herbicide was applied.
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FIGURE 1.  Effects of endophytic diazotroph and N fertilizer on the growth rate and clippings dry weight 
of ‘Tifeagle’ bermudagrass. Values are the means of three replicates. Means with the same letters are 
not significantly different at rates of N (LSD multiple comparison of mean; p=0.05). 7D, Pseudomonas; 
BM13, Rhizobium; CK, non-inoculated. 
 
 
 

Measurements 
After three weeks of turf establishment, turf quality was 

assessed by measuring color, coverage and density of the 
‘TifEagle’ bermudagrass every 15 days for the remainder of 
the experiment. Color ratings were performed for each pot 
using a scale of 1–9 (NTEP); where 9 = dark green, 6 = light 
green, and 1 = straw brown. Coverage ratings were also es-
timated using a scale of 1–9 based on the percentage of 
grass green cover for each pot; where 9 = 100%, 6–9 = 80-
100%, 3–6 = 50-80%, 1–3 = <50%. Density was measured by 
counting the number of grass shoots for each pot. The plant 
growth rate was measured by dry clipping weight every 15 d 
before and after cutting. Clippings were harvested after cut-
ting then weighed and oven-dried at 65°C for 48 h. Dry clip-
pings were weighed. ‘TifEagle’ bermudagrass of each pot was 
harvested at the end of experiment. Shoot dry biomass and 
root dry biomass were determined by washing the roots with 
sterile distilled water to remove all the attached soil followed 
by drying at 65°C for 48 h.

All data were subjected to analysis of variances accord-
ing to the model for completely randomized treatments us-
ing a SPSS program (SPSS Inc.). Differences among treatment 
means were evaluated by the least significant difference 
(LSD) test at a 0.05 probability level when the F-test showed 
a significant (P ≤ 0.05) effect.

Results

Growth rate and clipping yield
Diazotroph strains and N fertilizer significantly affect-

ed for growth rate and clipping dry yield (Figure 1). The 
fertilization × strain interaction was not significant for dry 
clipping yield. 

The averaged dry clipping yield significantly increased 
with increasing N fertilizer rate. The averaged dry clipping 
yield of treatments with strain 7D and BM13 were signifi-
cantly higher than the non-inoculated control. Compared 
to the non-inoculated control, inoculation of strain 7D and 
BM13 increased dry clipping yield at different N fertilizer 
rates (Figure 1). The results of average growth rate from 
every treatment were shown in Figure 1. The highest growth 
rate was obtained at N fertilizer application rate of 8 g m-2. 
When the grass was inoculated with either one of diazotroph 
strains, the growth rate showed a better performance than 
the non-inoculation treatments.

Turf quality
The ANOVA results showed that N inputs and strain sig-

nificantly affected the color, coverage and density (Figure 2). 
The N × strain interaction was not significant for turf quality. 

Figure 1.  Effects of endophytic diazotroph and N fertilizer on the growth rate and clippings dry weight of ‘TifEagle’ 
bermudagrass. Values are the means of three replicates. Means with the same letters are not significantly different at rates of 
N (LSD multiple comparison of mean; p = 0.05). 7D, Pseudomonas; BM13, Rhizobium; CK, non-inoculated.
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Bermudagrass color, coverage and density all increased 
with increasing N inputs. Inoculation with either of the 
diazotroph strains resulted in significantly higher color, 
coverage and density scores at all N rates. Bermudagrass 
inoculated with diazotroph strains appeared visually greener. 
Bermudagrass inoculated with strain 7D and BM13 had better 
coverage than the non-inoculated control (Figure 2). 

Dry biomass
Inoculation of diazotroph strains had a significant ef-

fect on ‘TifEagle’ dry biomass. Furthermore, N fertilizer and 
strain × N fertilizer interaction also had a significant effect on 
dry biomass (Figure 3). 

In comparison with no inoculation, shoot dry biomass 
was greater with diazotroph strain inoculation for N ferti-
lizer rate at 0, 4 and 8 g m-2. Strain 7D had a greater effect 
on increasing shoot dry biomass. Application of N fertilizer 
increased shoot dry biomass in comparison with the control 
(Figure 3).

The rate of N fertilizer had a significant effect on root dry 
biomass. Increasing the N fertilizer application rate from 0 to 
4 g m-2 increased root dry biomass of the non-inoculated con-
trol, however applying 8 g m-2 did not further enhance root 
dry biomass (Table 1). The effect of diazotroph strain inocu-
lation on root dry biomass was significantly greater than the 

control at 0 and 2 g m-2 but was lower than the control at 8 
g m-2.

Discussion
The concept of biological N fixation by endophytes has 

led to investigations on the potential uses of endophytic N 
fixation bacteria that colonize graminaceous plants. It has 
been suggested that these bacteria express their N fixation 
potential better when inside plant tissues, due to lower com-
petition for nutrients and protection from high levels of O2 

that are present on the root surface (Boddey and Dobereiner, 
1995). One of the desirable characteristics of diazotrophs 
is an ability to influence plant growth through N fixation in 
plants. 

Endophytic bacteria increase plant growth by enhancing 
the N content of the plant (Oliveira et al., 2009) and by ex-
creting phytohormones, which increase photosynthesis and 
enhance the root surface, thus leading to increased nutrient 
uptake (Chi et al., 2005; Dobbelaere et al., 1999; Okon and La-
bandera, 1994). Endophytic bacteria have also been reported 
to enhance growth in graminaceous plants by increasing bio-
mass (Hoefsloot et al., 2005; An et al., 2007). A comparison 
of growth rate and dry clipping yield in this study suggested 
that both strains had growth promoting abilities. 

 

 
 
 
FIGURE 2.  Effects of endophytic diazotroph and N fertilizer on the density, coverage and color of 
‘Tifeagle’ bermudagrass. Values are the means of three replicates. Means with the same letters are not 
significantly different at rates of N (LSD multiple comparison of mean; p=0.05). 7D, Pseudomonas; 
BM13, Rhizobium; CK, non-inoculated. 
 
 
 

Figure 2.  Effects of endophytic diazotroph and N fertilizer on the density, coverage and color of ‘TifEagle’ bermudagrass. 
Values are the means of three replicates. Means with the same letters are not significantly different at rates of N (LSD multiple 
comparison of mean; p = 0.05). 7D, Pseudomonas; BM13, Rhizobium; CK, non-inoculated.
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It can be noted that without the application of N fertiliza-
tion, inoculation with strains 7D and BM13 significantly in-
creased the shoot and root dry biomass by 170% and 97.1% 
(Figure 3), suggesting the possibility of decreasing fertiliser 
inputs by the use of inoculation. Such decreasing fertiliser 
inputs would allow savings in maintenance cost in turf man-
agement. Increases in the biomass could be attributed to the 
stimulus that strains provide to the development of the shoot 
and root system, with increase in root density, root hair length 
and on the volume and number of lateral roots, resulting in 
greater uptake ability and utilization of water and nutrients 
(do Carmo Lana et al., 2012). Besides, the plant interior pro-
vides an environment favorable to N2-fxation, allowing the 
bacteria to transfer fixed N products efficiently to the host. 
Pot trials with sugarcane demonstrated that plants inocu-
lated with the novel isolate Klebsiella sp. and fertilized with 
50% of the recommended N dose produced more biomass 
than the non-inoculated control plants fertilized with 100% 
of the recommended N dose (Govindarajan et al., 2007). In 
addition to fixing N2, diazotrophs have several characteris-
tics that can result in plant growth promotion, including the 
production of phytohormones and antibiotics as well as the 
ability to enhance N, phosphorus, and sulphur availability in 
the rhizosphere (Sarathambal et al., 2015). Enhanced plant 
growth is likely related to the N fixation ability of this bacte-
rium and the N content of the plant growth medium.

In the early studies on the associations between plants 
and endophytic diazotrophs, researchers believed that the 
benefits were derived only from biological N fixation (Dobb-
elaere et al., 2001). However, later studies demonstrated that 

the positive effects provided by these N fixation microorgan-
isms are due primarily to morphological and physiological 
changes in the roots of inoculated plants (Okon and Van-
derleyden, 1997). Such changes are related to the growth 
enhancing substances produced by bacteria, since plant 
growth regulators, mainly the indole acetic acid, excreted 
by diazotroph strains play an important role in fostering 
the growth of plants in general (Bashan and Holguin, 1997). 
Dobereiner and Urquiaga (1992) reported that inoculation 
of micro-propagated sugarcane seedlings could increase 
plant growth and encourage efficient N fixation under field 
conditions. A possible reason for the enhanced yield of the 
inoculated plants over the non-inoculated controls may be 
that N2-fixation contributes N whenever the plants require 
it and that this N may be important during critical stages of 
plant development, as suggested by Bashan et al. (1989) for 
Azospirillum inoculation.
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FIGURE 3.  Effects of endophytic diazotroph and N fertilizer on the shoot dry biomass and root dry biomass 
of ‘Tifeagle’ bermudagrass. Values are the means of three replicates. Means with the same letters are not 
significantly different at rates of N (LSD multiple comparison of mean; p=0.05). 7D, Pseudomonas; BM13, 
Rhizobium; CK, non-inoculated. 
 
 

Figure 3.  Effects of endophytic diazotroph and N fertilizer on the shoot dry biomass and root dry biomass of ‘TifEagle’ 
bermudagrass. Values are the means of three replicates. Means with the same letters are not significantly different at rates of 
N (LSD multiple comparison of mean; p=0.05). 7D, Pseudomonas; BM13, Rhizobium; CK, non-inoculated.

Table 1.  Shoot and root biomass of ‘TifEagle’ bermuda grass 
under different N fertilizer rates in a greenhouse experiment.

N fertilizer 
(g m-2)

Shoot dry biomass 
(g pot-1)

Root dry biomass 
(g pot-1)

0 0.65±0.28 c 1.12±0.15 b
2 1.53±0.31 b 1.35±0.14 ab
4 1.62±0.35 b 1.47±0.23 a
8 2.08±0.23 a 1.07±0.05 c

Means followed by same letter in the column do not differ among 
themselves by LSD at 5%.
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As for root dry biomass, when inoculation with strains 
7D and BM13 at 8 g m-2 N was provided, there was a signifi-
cant decrease compared to the non-inoculated control plants 
(Figure 3), which indicates that higher N fertilization de-
crease the root dry biomass. Since biological N fixation is an 
energy-intensive process, bacteria usually only fix N2 when 
mineral N concentration is low (Reed et al., 2011). Accord-
ing to Carvalho et al. (2014), biological fixation efficiency in 
diazotrophic bacteria is rapidly reduced or even inhibited in 
the presence of high levels of N compounds in the soil, espe-
cially ammonium. The mechanisms that can down-regulate N 
fixation in response to increasing levels of mineral N are inhi-
bition of nitrogenase synthesis by nitrate and the reversible 
inhibition of nitrogenase activity by ammonium (Yoch and 
Whiting, 1986). Ammonium can cause the rapid inhibition 
of nitrogenase activity, responsible for the conversion of at-
mospheric nitrogen (N2), the most accepted form of N by the 
plant. In the unfertilized treatment, soil ammonium concen-
trations were probably below the threshold level where ni-
trogenase inhibition begins. Nitrogenase inhibition has been 
observed above ammonium concentration of 0.29 mmol N 
(Knowles and Denike, 1974). In our study, urea was applied 
to the fertilizer treatment and then was converted into am-
monium rapidly. The ammonium concentration in the high-
est fertilized treatment exceeded this threshold. Thus, nitro-
genase activity was probably inhibited.

Our work shows that the two diazotrophic strains 7D and 
BM13 may be potentially effective turfgrass growth promot-
ing bacteria agents. It will be our next goal to prepare for 
trials under field conditions. For a sustainable turf ecosys-
tem, use of fertilizers biologically derived from diazotrophic 
strains would be ecologically sound and economically viable 
alternatives. Turfgrasses associated indigenous N fixers may 
be important both in agronomy and in ecology because they 
could supply part of the N that the plant requires. 
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