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ABSTRACT. N utilization, including plant dry weight (DW) produc-
tion, total N and nitrate N (NO3-N) content accumulation, N utilization
efficiency (NUE), root absorption efficiency (RAE), reduced N accu-
mulation, and nitrate assimilation capacity (NAC) were determined for
creeping bentgrass cultivars grown in hydroponic culture. Possible
mechanisms affecting N utilization including nitrate reductase activity

RA) and root marrholcgy were also examined. Four cultivars, se-
ected from an initial screening of creeping bentgrasses were grown
under both low and high levels of N in a flowing solution culture
system. The relationship between NUE and plant growth for two differ-
ent creeping bentgrass cultivars was investigated through tissue culture.
The results indicate a genotypic variation in N utilization and absorp-
tion. The NAC was not the primary factor involved in genotypic differ-
ences in NUE. However, NRA was probably one of the mechanisms for
the regulation of NUE. N utilization was affected by the level of N
supplied level and environmental conditions. Plants grown under low
levels of N had longer roots compared to plants grown under medium
or high levels of N for either cultivar. The results suggest that root
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formation was probably one of the mechanisms for regulating the ni-
trate utilization in creeping bentgrass.

KEYWORDS. Creeping bentgrass, nitrogen efficiency, cultivars, ni-
trate reductase

ABBREVIATIONS. NUE, nitrogen utilization efficiency; RAE, root
absorption efficiency; NRA, nitrate reductase activity

Creeping bentgrass (Agrostis palustris Huds.) is native to Eurasia
and widely used throughout the world. Because of its low mowing
height, prostrate growth and high density, it is used on golf course
putting greens. The N fertility requirement varies from 4 to 7 g m ~2
per growing month on greens (Beard, 1973). However, many turfgrass
scientists feel that golf course bentgrasses are too dark green, with
excessive fertilization resulting in over stimulation. Optimal fertiliza-
tion can reduce the irrigation requirement, thatch buildup, mowing
frequency, weed invasion, disease incidence, improve the tolerance of
the turf, and reduce ground water pollution (Agnew, 1992; Decker and
Decker, 1988).

In general, N use efficiency of plants are composed of two compo-
nents which are NUE (defined as the quantity of dry matter produced
per unit of tissue N) and N absorption efficiency (defined as total plant
N accumulated per unit of N supplied) (Moll et al., 1982). The NUE is
affected by genotype and environmental factors. Several studies indi-
cated that high N utilization efficient cultivars and higher N applica-
tion also produced higher NRA (Bar-Akin et al., 1970; Ingemarsson,
1987). Nitrate absorbed by plant roots is first reduced to ammonium
before incorporation into amino acids which are controlled by nitrite
and nitrate reductase. The capacity for nitrate reduction varies among
higher plant species and cultivars (Smirnoff et al., 1984). Nitrate re-
ductase is an unstable enzyme which is affected by the quantity of
substrate (nitrate itself), genotype, age and organ of the plant, and
climatic conditions. The seasonal NRA level of a crop is difficult to
determine. Increasing supplied N nutrition can cause the accumulation
of nitrate in tissue and also increases the NRA. Differences between
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species and the site of N assimilation have been discussed in the past
(Andrew, 1986; Stewart et al., 1987). A correlation between NRA and
nitrate content was reported by Feil et al. (1993). It was assumed that
the NRA and nitrate concentration of a cultivar is generally inversely
related, although this was not supported in their study.

Plants take up mineral nutrients from the soil mainly through their
roots, the principal organ of uptake. Root development may be one of
the mechanisms to explain the difference in NUE among cultivars
(Bole, 1973). The relationship between root architecture and the effi-
ciency of capturing nutrients has been discussed in previous studies
(Robinson, 1986; Kuo et al., 1994; Warncke and Barber, 1974). Boek-
er and Boberfeld (1974) found that the amount of roots in unfertilized
turf were significantly deeper than roots in fertilized turf plots. They
concluded that an increasing N concentration in the root environment
makes them expand less. Foehse and Jungk (1983) found that the root
hair formation for three different crops was influenced by the nitrate
content. The formation of root hairs is one mechanism for regulating
the nutrient uptake of plants. According to Robinson (1986), the effi-
ciency of nutrient uptake depends mainly on root length, while Feil et
al. (1990) found a close relationship between the reduction of nitrate
and root surface area. Tissue culture techniques provide a model sys-
tem to screen nutrient use efficiency in vitro for different plant species.
Evans (1993) reported that a reduction in the N level in the medium
tended to produce taller plants with longer internodes, larger leaves
with less chlorophyll, but the plant fresh weight did not change. Kuo et
al. (1994) found that the root tip structures of creeping bentgrass
cultivars were changed under high levels (3% NajS0Oy) of supplied
salt. However, some disagreement still exists as to whether root
morphology or nitrate concentrations limit the efficiency of nitrate
utilization (Feil et al., 1990). Unfortunately, little information is avail-
able on which characteristics of turfgrass determine the efficiency of
nitrate uptake.

In this study, the N utilization of creeping bentgrass grown under
different levels of N fertilization, the role of nitrate reductase, the site
of N assimilation, and some of the relationships between DW produc-
tion, N content, NUE, RAE, NRA ,and nitrate content in plant tissues
were investigated. The other investigation was to relate the NUE of
two creeping bentgrass cultivars to their root and shoot development
over a range of N levels through tissue culture methods.
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MATERIALS AND METHODS
Flowing Solution Culture

Seeds of 4 bentgrass cultivars, ‘National’, ‘SR 1020°, ‘Penncross’,
and ‘Putter’, were sown in a plastic tray (25 X 52 cm?) containing
medium-grade vermiculite. These seeds were covered with a thin layer
of the same medium to reduce desiccation. After 16 to 18 d, seedlings
were removed from the vermiculite and any media attached to the
roots was washed off with distilled water. Seedlings of uniform size
(root length about 2.5 cm) were placed on the center of a sterilized
Dispo plug (Scientific Products Co., San Jose, CA) (10 mm in height X
20 mm in diameter) as support. The Dispo plugs holding seedlings
were placed in a hole cut in a blue-styrofoam sheet (30 X 43 x 2.5
cm?) that floated on the surface of 15 1 of 10% (v/v) Pellett and
Roberts’ solution (Pellett and Roberts, 1963) that contained 10 ppm of
N in plastic tanks where the roots were submerged in the aerated
solution. Plants were acclimated in the tanks for five days before
transplanting to the final evaluation systems. Seedlings of uniform
size were removed from the tanks and placed in PVC pots (20 cm in
height ¥ 10 cm in diameter). A thin-knock out cap (10 cm) served as
the lid. The solution was recycling from a storage tank (120 1), and
solution in the recycling tanks were renewed once a week. Four holes,
the size of the Dispo plug, were drilled in to each lid. Each pot con-
tained 1.6 |1 of solution. The solution consisted of 50% Pellett and
Roberts’ solution but with the N concentrations at 3 ppm for low N
level and 50 ppm for high N level. For the low N level solution the
potassium concentration was kept the same as the high N level by
adding KH,POQj4. During the experimental period, KNO3 was added to
maintain the desired N level after the solution was measured by spec-
trophotometer (Beckman DU-65) at 210 nm. Solution pH were ad-
justed to 5.5 to 6.5 (a pocket pH meter, Analytical Measurements Inc.
Model 107) by adding 0.5 N HCL. Three high ]gressure vapor sodium
lights with an average intensity of 424 mol m ™2 s~ ! were supplied at
a 14/10, day/night of photoperiod.

N Determination

Total N determination. Plants were harvested after 6 weeks. Sam-
ples were divided into root and shoot components and dried in an oven

Page 4 of 18



at 80°C for 72 hrs. The dry weight of each was recorded. Sample
tissues were kept in an oven before grinding, Dry tissues were ground
with a Wiley-Thomas Mill grinder to pass through a 40 mesh screen.
The ground tissue was used to measure tissue N by the Micro-kjeldahl
method (Cataldo et al., 1974).

Determination of nitrate in plant tissue. About 150 mg of dried
tissue powders was placed in 125 ml erlenmeyer flasks. Twenty-five
ml of hot water (80°C) was added to the flask, it was sealed with
parafilm, and shook for 30 min on a wrist-action shaker.The extract
was filtrated through Watman #2 filter paper into a beaker. The re-
maining tissue was quantitatively transferred to the flask with a second
25 ml aliquot of hot water. A 0.2 ml aliquot was mixed with 0.8 ml of
the 0.5% SA-H2SO4 mixture for 20 min at room temperature to cool
the samples. Nineteen ml of 2N NaOH was added for color develop-
ment at room temperature about a hour, Nitrate content was measured
colorimetrically at 410 nm (Cataldo et al., 1975)

In vivo NRA assay. The protocol used for the NRA assay was
developed by Harper and Hageman (1972). Approximately 0.5 g of
fresh leaf or root segments (tip of the tissues) were transferred to test
tubes. Five ml of the incubation media was also added. The incubation
media contained nitrate for potential activity measurement that con-
sisted of 0.5 mM of K;50y4, 100 mM of K;HPO4, and 1% (V/V) of
n-propanol (pH 7.5). A stainless steel wire screen (20 mesh) was
placed in each tube to hold the tissue below the solution surface. The
samples were then vacuum filtrated for 1.5 min in a vacuum desicca-
tor. Air was rapidly reintroduced and the procedure was repeated.
Samples were then transferred to a shaking water bath and incubated
for 1 hr at 30°C in the dark. After incubation, 0.4 ml of color reagents
[2 ml of 1% sulfanilic acid in 1.5 N of HCl and 2 ml of 0.02% of
N-(1-naphthylethylene diamine)-2HCl]. The development of color
took between 20 to 30 mins. The absorbance was determined at 540
nm by using a Beckmen (model DU-7) spectrophotometer. The nitrite
activity was expressed as pmoles NO3 g~ ! fresh wi/hr.

Treatments and Experimental Design

Experiments were conducted twice, once on July, 1994 (EXP1)

during which the greenhouse average air temperature was around
32/2°C, day/night, and again on November, 1994 (EXP2) which the
greenhouse average air temperature were around 24/17°C, day/night.

Page 5 of 18



A randomized complete block design was used for both experiments.
High pressure vapor sodium lights with mercury halide bulbs were
applied at a 14/10, da}r.l"ni%ht photoperiod. Light intensity from lamps
rangzed from 600 mol m ™25~ 1 in the middle of the bench to 290 mol
m~2 s~ ! at the edges (measured by Li-1776 solar monitor). There
were six replications of each treatment for the NUE studies, and four
replications of each treatment for the NRA studies. Data were sub-
jected to an analysis of variance. Significant differences among culti-
vars were evaluated using Fisher’s protected least significant differ-

ence (LSD) test.
In Vitro Culture

Nodal stolon segments of the same size (about 25 mm) were ran-
domly collected from a solution with a N concentration of 50 ppm
containing two bentgrass cultivars, ‘National’ (low NUE) and ‘Putter’
(high NUE). All plants were at a vegetative stage of development.
Nodal explants were sterilized in 70% ethanol for 20 sec, followed by
20 min in 1.05% NaOCI then rinsed in sterile distilled water four
times. Each explant was placed in a pyrex test tube containing 20 ml of
N6 (Chu et al., 1975) (Table 1) media with sucrose, gelrite (Scott
Laboratories, Carson, CA), and KNOj3. The listed concentrations were
tested in preliminary experiments. For the low and medium media,
Potassium chloride was added to maintain the K* at the same level as
in the high N medium.

Cultures were incubated four weeks under 45 mol m ™2 5™ 1 of light
provided by cool white fluorescent lamps with a 12 hr photoperiod.
There were 25 replications per treatment. The root length, root num-
ber, and shoot length were measured.

RESULTS AND DISCUSSION
N Determination
One goal of this study was to confirm any differences in DW pro-
duction and NUE among the four creeping bentgrass cultivars evaluat-

ed in previous experiments. An analysis of root (RDW), shoot (SDW)
and whole plant (WDW) dry weight of cultivars, under both N levels,
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TABLE 1. Components of Pellett and Roberts solution containing different
levels (low, medium, and high) of nitrogen (M) used in in vitro cultural experi-
ment.

Chemicals Concentration (mgil) ~

Fuli Low M Medium N High N
KMOa (0] - o 1.01 505
KHzPO, 400.0 400.0 400.0 400.0
MgS0, 185.0 185.0 185.0 185.0
CaCly-2Hz0 166.0 166.0 166.0 168.0
KCl {g) - - a.73 075
MnS0,-4H0 4.4 4.4 4.4 4.4
ZnS0y THaO 15 1.5 1.8 1.6
H3B04 1.8 1.6 1.8 18
Kl 08 0.8 0.8 08
IROMN:
FaS0,- THO 28.0 28.0 28.0 8.0
Na*-EDTA 38.0 a8.0 38.0 8.0
VITAMIN:
GD:,m 20 20 20 20
Thiamine-HCI 1.0 1.0 1.0 1.0
Pyridoxing-HC! 05 05 0.5 0.5
Micolinic acid 0.5 05 .5 0.8
Sucrose (gf) 0.0 30.0 30.0 30.0
Garlita () 22 25 22 22

showed that ‘Penncross’ was heavier than all the other cultivars in
either experiment, except for SDW and WDW under the low N condi-
tion in EXP1 where ‘Putter’ was the heaviest (Table 2a, 2b). The
proportion of WDW partitioned to shoots was greater than that parti-
tioned to roots for each cultivar. Under low N conditions, ‘Putter” had
a SDW:RDW ratio significantly higher than the other cultivars in
EXPL.

Under high N condition ‘National’ had the highest SDW:RDW
ratio among the cultivars in both experiments. This was due to the low
RDW of this cultivar. Plants grown under high N applications pro-
duced significantly greater SDW and WDW than plants grown under
low N applications in both experiments. Conversely, plants grown
under high N levels produced less RDW than plants under low N
applications in either experiment. The cultivar X N level interaction
was significant for WDW and SDW, and the SDW:RDW ratio in
EXP1 and SDW:RDW ratio in EXP2 (p = 0.01).
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TABLE 2. Plant dry weight (DW) accumulation and partitioning of four creeping
bentgrass cultivars (C) in EXP1 (a) and EXP 2 (b) grown under low (3 ppm) and
high (50 ppm) levels of N.

Whole plant DW Root OW Shoat DW S5/R Dw
Cultivar LowN  HighN  LowN  HighN  LowN  HighN  LowN  HighN

EEmET e == Mf] ~=sessssscccmmcemsssrsncacmmsrasn=n

(#)
Matianal 328 a° T42ab DB9aA 065a 2308 677ab 272ab 10.73c

SR 1020 351a 6.34a 080a 067 a 261a E&Ta 280b 8.682 ab

Panncross 484 b 8.87Th 141b 1.18b 3.23b BE0b 232a T.24a
Putber 618b 58ia 117hb 059 a 40 e 524a 3.58¢c 8.22 bo
L8Dges 0.83 248 0.25 0.28 0.64 222 0.55 1.88

c . 3 w - e

Y Ty o ] e

CxHN - % - e

(b}

Malional 34838 1205 ab 136a 1.09a 25Ta 10.96 a 1.87Tb 10.08 ¢

SR 1020 385a 10.55a 1.28a 1248 257a 11.668a 206b 7.32 ab
Panncross 4408 1281b 163a 1.52b 27Fa 11.68a 1.70a 8.50a

Pubiar 4098 11.88 ab 130 a 1.29a 2708 10.70a 1.84 ab B.85 be

L8Dggs 1.31 288 0.43 0.48 o 253 0,33 214

c ns ns ns b

CxN ns ns ns ]

¥ Values within & column follawed By tha same leiter ara not signficantly different at tha 5% lavel by Fisher's
protested LSO,

* » = png Sianilicant at P = 0,08, P < 0.05, and P < 0.01, respectively.

An analysis of the root N (RN) content of cultivars under either N
conditions showed that “‘Penncross’ accumulated more N than all the
other cultivars in both experiments, except under low N levels in
EXP2 (Table 3a, 3b). The proportion of whole plant total N (WPN)
partitioned to shoots (SN) was higher than partitioned to roots for each
cultivar. High N applications also provided greater accumulated N
than low N applications in both experiments, except the roots of ‘Put-
ter’ in EXP1. The cultivars X N level interaction was significant for
both WPN and SN (p = 0.05) in EXP1 and RN (p = 0.01) and the
SN:RN ratio in EXP2 (p = 0.05). The N content appears to be a
response to plant DW production.

There were significant differences in plant tissue NUE and RAE
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TABLE 3. Plant M accumulation and partitioning of four creeping cultivars (C)
in EXP1 (a) and EXP2 (b) grown under low (3 ppm) and high (50 ppm) levels

of M.
Whale plant N Root W Shoot N SAN
Cultivar Low High M Low M High M Low N High N Low M High N
N m-.-.--.-..--.-.-....-.-.-.-.-..--..-------r--r-----r--u--l-
(a)
Mational B4.05 a"‘ 35322abh 186Tm 22058 BE3BAa 34117 ab 3T0eb 1502b
SR 1020 B3.82a J300.10a 18.00 & 1880 a B582a 28050a 361ab 1463 ab
Fenncross 116.22b 47265b 28B8a 3807a B7.36a 43458b 308a 11.56a
Pufter 117B8b 28808 a 2211 a 18.25a B5.77a 25883a 47 b 14,74 ab
LS008 2374  12T.28 570 8,85 19.60 11864 o.88 3,44
o] ot - * -
N il ns - -
C=MN ¥ ns * ns
(=}
Mational B8A4a 5B09%a 2948a 2954a 581Ba 551.44a 221ab 19.80b
SR 1020 Te46a G500B7a 20488 40738 55088 480148 278b 1228a
Penncross  7B.07a B4468a 2568a S5020b 52408 SET.48a 208a 1038a
Putter B1.65a 51984a 20.05a <059 a 5880a 478.25a 2T0ab 13.44 ab
L5Dg s 26,70 144,90 9,36 15.61 20.34 138,60 D66 6,52
C ns 2 ng .
N L] (2 -
CxN ns o ns .

¥ Valves within & eolumn followed by the same letter are not significantly differant at the 5% level by Fisher's
prabested LED.
¥ = = ns Significant al P » 0,05, F < 0,05, and P < 0,01, respecihgly,

among the four cultivars grown under two levels of N (Table 4a, 4b).
On a root basis, ‘National’ was the least N utilization efficient cultivar
under low levels of N in EXP2. Under high levels of N, there were no
significant differences in root, shoot or whole plant NUE among the
four cultivars in either experiment. While there were no clear differ-
ences in shoot NUE in EXP1, in EXP2 ‘Penncross’ was the most
efficient under low N and “Putter” was the most efficient under high N.
There might be multiple factor(s) affecting the NUE, such as N ab-
sorption, translocation, assimilation, or redistribution rate (Moll et al.,
1982).

RJJ)LE values were similar under both levels of N in either experi-
ment, except for ‘Penncross’ under low N in EXP2 where it had the
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TABLE 4. The root (RT), shoot (SH), and whale plant (WP) N utilization efficien-
cy (NUE) and root absorption efficiency (RAE) of creeping bentgrass cultivars
(C)in EXP1 (a) and EXP2 (b} grown under low (3 ppm) and high (50 ppm) levels
of N.

WP NUE AT NUE SH NUE RAE

Cultivar LewMN  Hightt  LowMN  HighN LowN  HighN LawN  HighN

-------------------- mg-DWHMG-N = --mmasmmmmncnnen mg-N/mg AT-DW
(a)
halicnal 3eE2a’ 205Ta 4B B3 8 20988 36.40a 18,590 8 g588ab 570.93c
SR 1020 4285ab 21.18a 4066 2 34.37a 41.00ab 20.25a 8212 ab 454.80 ab
Penncross 40128 2050a 4918a 31680a 3717a 18.57a B324a 402.08a
Putter 4495b 20588 5437m S126a 4280b 19.82a 10243b 49783hc
LBIT).|:|.I{;5I 480 1.3 8.08 471 5.50 1.9 1387 20.26
[ ns* ns ns -
N ik La s Ll -
CxN ns ns ns b
(&)
MNationat 44B84a 20768 5070m 381Ba 43338 10BEs 6503b 535662
SR 1020 S0BBbc 21.40a 6328b 3205a 48.45 8 1988 a 60.05b 385,31 ab
Penncross 5852¢ 21048 63.20b 32058 5260e 19588 48488 35731 a
Puttar E043b 23174 6345b 3279a 45848 224Th SE52h 42071 b
LSDges 5.45 1.88 11.88 9.84 5.38 1.89 7.38 105.63
,’: e na - -
1 - - el -
CxN - - - d
* Volues within & column follewed by the same ther are not significantly difarant at the 5% level by Fisher's

protesied LSD.

Foooum na Significant a1 P > 0.05, P < 0.05, and P < 0.0, respectively.
§ Dry weight.

lowest RAE. The RAE value of the cultivars was probably not a
response to NUE. Differences in RAE were probably not a critical
factor in genotypic differences in NUE. This is indicated only by an
increase in the absorption rate of N per unit weight or volume of the
root of high RAE cultivars (Kolek and Kozinka, 1991). This result
agrees with Swiader et al. (1994), who found the same results in
pumpkin hybrids. Other factors such as NAC or nitrate reductase
activity may be more important in the regulation of N utilization.
Differences among cultivars for NUE were significantly (p = 0.01)
greater at low N than high levels of N. Conversely, RAE increased
with increasing N levels (p = 0.01). Higher available N levels are
usually needed to maximize N uptake to eventually maximize plant
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yield (Bundy and Carter, 1988). The cultivar % N level interaction
was significant only for whole plant and SNUE (p = 0.01) in EXP2
and RAE in both experiments.

An analysis of root nitrate N (RNO3-N) content of cultivars under
the high level of N showed that ‘Penncross’ accumulated more NO3-N
than all the other cultivars while ‘Penncross”® and ‘Putter’ had higher
NOj3-N under low N levels in EXP1 (Table 5a). The measured NO3-N
content of shoots (SNO3-N) indicated that ‘Putter’ and ‘Penncross’
translocated more SNO3-N than all the other cultivars in EXP1 under
low and high levels of N, respectively.

On a whole plant basis, ‘Putter’ and ‘Penncross’ accumulated the
highest NO3-N in EXP1 under low N condition. Under high N condi-
tion, ‘Penncross’ accumulated the most NOs-N among the cultivars in
EXPl. The cultivars X N levels interaction was significant for

TABLE 5. Plant nitrate {(NOs-N) accumulation and partitioning of four creeping
bentgrass cultivars (C) in EXP1 (a) and EXP2 (b) grown under low (3 ppm} and
high (50 ppm) levels of N.

Whola MOg-N RAoot NO3-M Shoot NOzN S/R NOg-N
Culthvar Low M High M Low M High N Low M High M Low M High N

BT |« B e LT TR

(a)
Mational 7502 4265a 205a 1.85 8 G543 40B1a 283b 2264a

SR 1020 732a 3292a 205a 1.895a 526a 2498a 265ab 1823 a
Panncross 9.73b E8.42b 327hb 282b S46a E560b 202a 2071 a
Putter 10.77b  3098a 289b 167a 789b 201a 296b @108a
L&Dy o5 1.81 13.70 0.ga2 0.83 1.22 13.24 077 781

c wE " " ns
N Ll *
CxN e s

()

National 83%a T2 28 ab 2548 5.05a 385a 67.249ab 188eb 2530a
SR 1020 5878 55958a 230a 291a 357Ta 5308a 1.88ab 2048 a
Panncross 573a 8512b 273e 5664 300a T94Eb 1.15a 17.08a

ns

Puttar £45a BEE1 b 1.74a 513a 3T a 81,48 a 214b 2402 a
[B=1a T 248 18.87 1.40 3.5 1.41 19.87 a7r 18.74
C - ns - ns

M - - L Ll

CxN ki ns - ns

¥ values within a column followed by the sama letter are not significantly different at the 5% level by Fisher's
prolesiad LSD,
¥ = = s Significant at P = 0.05, P < 0,05, and P < 0.01, respecthualy,
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WNO3-N and SNOs-N total (p = 0.05) in both experiments. The
NO3-N content in plant tissues was a response to the N content accu-
mulated in plant tissue.

An analysis of reduced RN for cultivars under both N levels showed
that ‘Penncross’ accumulated the most reduced RN in EXP1 (Table 6a,
6b). Reduced SN indicated that ‘Putter’ and ‘Penncross’ accumulated
more reduced N among the other cultivars under low levels of N in
EXP1.

There was little difference in RN/TN ratio among the four cultivars
under either level of N in both experiments, with RN accounting for
approximately 90% of the TN in plant tissues. In EXP2, ‘Putter’ had a
significantly lower RN/TN ratio among the four cultivars for both shoot
and whole plant evaluations. The cultivar X N level interaction was
significant for shoot (p = 0.05) reduced N in EXPI, and root reduced
N (p = 0.01), and also shoot and total RN/TN (p = 0.05) in EXP2.

The environmental effects were substantial. The highly significant
N utilization X environment interaction (Table 7) indicated that plants
response to N fertilizer was different in the two different environ-
ments. The studies were conducted twice in July and November. In the
first experiment, turf plants were grown under high temperatures and
did not grow vigorously. The season was not suitable for the growth of
cool season turfgrasses. In the second experiment, the optimal temper-
ature allowed the turf plants to grow fast and vigorously. This was
probably one of the explanations that the WPDW in EXP2 was greater
than that found in EXP1, although there was no statistic differences
under low levels of N. N supply was a dominate factor to influence the
dry matter production. Root absorption efficiency under unlimited N
supply seems not to be influenced by environmental factors. These
results agree with the studies by Balko and Russell (1980), who found
that differences in response among maize cultivars exist with respect
to the season of the year and rate of N application. In EXP1. The S/R
NRA ratio was less than one (Table 8), however, the 5/R ratio was
more than one in EXP2. The results indicated that the environment
affected the sites of nitrate assimilation and reductase activity. It
seemed that under hot summers the plants may gain no energetic
advantage from leaf assimilation, thus, made SNRA higher in EXP2.
This result agrees with Stewart et al. (1986), who reported with ferns
grown under shady conditions, the root was the site of nitrate assimila-
tion, conversely, under sunny conditions nitrate was assimilated both
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TABLE 6, Accumulation of reduced N {RN) and the ratio of reduced N lo total
N (RN/TN) of creeping bentgrass cultivars (C) grown under different levels of
N in EXP1.

M leval Root RN Shoot RN Tedal AW
Cuitivar {ppm) {mg} RM/TH {mgl AMN/TN ima) ANTN
(a)
Matienal 3 16.62a" 0eda 5084 a 092a TE46a bela
Sr1020 1585a DBEga B0.56 & 0%2a 76.50a 0sta
Panncroas 2580b 0.Bga B0.85 & 0.83a 106,48 b &2 a
Puttar 18,238 0BT a B7.88 b 081a 1Wr.1b a1 e
LSD 4.05 528 0.03 18.98 0.02 22,70 0.02
Maticnal 50 20188 0.82ab 30038 ab 08Ba 320.55 ab 088 a
SR 1020 176858 0e0a 245628 0&8a 262,184 0E8a
Penncrass A525b 083b areeab 0&7a 414.22b 087 a
Putter 17.588 0.81ab 238.51 a o). =1 | 25708 8 0.85 &
LD 0.05 8.28 0.02 108.62 0.03 116,97 D03
c wud ns . ns . ns
M ns 2 oo . "
CxN ns ns i ns ns ns
(b}
MNaticnal 3 2681 b 082a 55338 0544 B2 24a 083 a
Sr 1020 18.18a OB3a E241 8 084a T0.58 a8 082 a
Panncrass 2285 8b JBoa 4339 a 0848 TE.20a 083 a
Puttar 20.31 ab 082a 55,89 a 094a 76208 083 a
LsDoos B.a1 0,04 1816 o.m 2481 002
Matlonal &0 24.50 ab 081a 484.21 8 0Esb 50B.T1 & 087 b
SR 1020 a7.83ab 083b 407,06 & 0EsSh 444,808 083 b
Panncross 51.84hb 080 ab 508028 0aTh EE8.58 A 0BT b
Putter A5.48a 0.87 ab 348777 a 0B3a 433,238 0Ed a
LSD 0,05 15.34 a1 128.40 0.0 137.53 oL0a
C . ns ns o ns ns
N - ns [ . (13 A
CxMN = ns ns . ns u

T Values within a column followed by the same latier are not significantly different af the 5% level by Fisher's
protested LD,
e % e Sienificant a1 F > 0,05, P < 0.05, and P < 0,01, respectively.

in the root and shoot. The site of nitrate assimilation may be in-
fluenced by environmental conditions, such as temperature. There was
no correlation between NO3-N content and NRA in the experiments.
For the NRA assay, the 0.5 g samples tested were derived from the tip
portions of organs, so the level of nitrate accumulated in this portion
might not represent a general WPNO3-N content.
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TABLE 7. Effect of experimental timing (two environments) on whole plant dry
weight (DW) accumulation, N accumulation, N utilization efficiency (NUE), root
absorption efficiency (RAE), nitrate accumulation (NOg), reduced N (RN), ni-
trate assimilatory capacity (RN/TN), root nitrate reductase activity (RT NRA),

and shoot nitrate reductase activity (SH NRA) evaluated under low and high
levels of N.

Treatments DWW i WUE RAE  MNOa™ RN ANTWN  RTNAA  5HMNRA

e " o " -

low m’T w el "

. - '™ o

high - o » ns -

¥ ns, *, ™ Sigrificant at P > 0.05, P < 0,05, and P < 0,01, respectively,

TABLE 8, Plant tissue nitrate reductase activity (NRA) and partitioning of four
creeping bentgrass cultivars (C) in EXP1 (a) and EXP2 (b) grown under low (3
ppm} and high (50 ppm) levels of N.

Rool NRA Shoot NRA S/R NAA

Culthvar Lo High Low High Low High

-------------------------- NOo/g 15508 W =cccccmcccacmomacccacanaas
=)
Matianal ooga’ 1868 oofa 0.18ab C.i8a ooga
SR 1020 0.12b 1.28a 0.02a 0,16 &b 0.14a 015a
Panncross 010 ab 1288 0038 ooSa 0.29a o0da
Putter o02a 1.50@ 001 a D24k 016a 017 a
LSD oS 003 1.13 0.03 0.16 0.3 o118
c nst ns ns
N - i ng
C®N ns ns na
(&)
National 015a 07Ta 019a 057 a 12588 1.07a
3R 1020 0.22a 0BBa 0248 0.78a 1.07a 1.49a
Penncross D25a 1.189a 0.27a 06Za 1.08a 070 a
Putiar 026a 0884 0208 1058 1488 1418a
LSD 0.05 0.18 0.758 0.21 077 1.04 1587
c ns ns ns
N Ll 1] ns
CxHN ns ns ns

'hhhuﬂmammnmmmmmmrmmmmmummu:msﬂmlbﬁumm
$a "mSlgnﬂumal:Fhﬂﬂl.Pcb.M rnd P < 0.01, respactively.
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These results demonstrated genotypic variation in N utilization and
absorption. In general, ‘Putter’ and ‘Penncross’ were the most effi-
cient genotypes in utilizing N at low N conditions but had poor RAE.
In contrast, ‘National® was a poor N utilization efficient cultivar but
had higher efficient absorbed N among the four cultivars. The N
assimilation capacity was not the primary factor involved in genotypic
differences in NUE, however, NRA was probably one of the mecha-
nisms for the regulation of NUE. The NRA was influenced by envi-
ronmental conditions. It seems that some limitations in growth can
occur at certain times of day or season (Goodman, 1983). In future
work, more replications of each treatment should be added. Sample
selection for NRA assay must be from more uniform growth vegeta-
tive stages of the turf plant.

In Vitro Culture

After four weeks, the explants were producing shoots and roots
when grown on different levels of N supplemented media. The effects
of Nitrate concentration on plant growth is shown in Table 9. Plants
grown under low N showed longer root length than plants grown
under either medium or high levels of N. These observations agree
with Kolek and Kozinka (1991). Boeker and Boberfeld (1974) found
that increasing concentrations of N in the root environment reduces
the root extension for some turfgrass cultivars. The reasons probably
were: (1) Plant roots growing under N deficiency “search” for nutri-
ent by penetrating deeper in the medium. (2) High concentrations of N
that retard root elongation may be related to changes in growth hor-
mones. Changes in phyto/hormone balance between shoot and root,

TABLE 9. The effect of nitrate concentrations on root length, shoot length, and
raot number of two creeping bentgrass cultivars "Putter’ and ‘National' after
incubated in tissue culture for four weeks.

M level Fioet lengih Shoct langth Roat number
Puttar MNational Puttar National Puttar National
___________________ Offj===s=sccanccacccssns
Lenar aBEd’ 1.87 bc 623 ab 508 a 3.08 ab 3.25 ab
Medium 250¢c 1.028 ab BT c T.08 b 3.42 ab 2ETa
High 243c 082 a 10,17 ¢ 7.28b 3.75b 2.862 ab

T Values within & column followed by the same leller are not significantly different at the 5% level by Fishe's
protestad LED.
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such as auxin, or cytokinin were thought to be involved in this regula-
tion. (3) Under N deficiency, stronger competition by the roots for
photosynthates is regulated by the shoot : root ratio. Conversely, plants
grown under low levels of N, they had shorter shoots than plants
grown under higher levels of N for both cultivars. Nitrogen assimila-
tion requires carbohydrates, thus, excess N will reduce carbohydrate
reserves in the root. This was probably one of the reasons for slow root
growth. our results agree with Goss and Law (1967), who revealed
that high levels of N resulted in more shoot dry weight of Kentucky
bluegrass cultivars under field conditions.

A high NUE cultivar, ‘Putter’, showed longer root and shoot length
than the low NUE cultivar, ‘National’, for each level of N (Table 9).
The higher NUE cultivar could use N more efficiently in the develop-
ment of their vegetative organs. The results agree with Feil et al,,
(1990), who found the root surface area of maize was greatest at low
levels of N. Low input (high NUE) cultivars had higher shoot and root
dry weight than did high input (low NUE) cultivars. Our investigation
suggested that root formation plays an important physiological role in
regulating nitrate utilization in creeping bentgrass. The mean root
numbers did not show significant differences for either cultivar grown
under each level of N (Table 9). Root numbers may not be a stable,
specific criterion representing root growth conditions. Future work
needs to establish if differences occurred among plants due to plant
age, because our investigation materials at the seedling stage.

Increasing N concentration in the root environment decreases root
elongation and increases shoot length. High NUE cultivars also
showed longer root and shoot length than low NUE cultivars, but the
root numbers were not related. Root formation was probably one of
the mechanisms for regulating nitrate utilization in creeping bentgrass.
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