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Abstract - Nitrate reductase deficient (NR) mutant lines were selected indirectly by their resistance to 100mM chlorate in cell cul-
tures of P. parviflora. A total of 585 chlorate resistant lines were confirmed by a second passage on a high concentration of chlorate.
Frequency of spontaneous mutation was 9.7 x 107 in 3 month old suspension-cultured cells, and in non-selective media containing
amino acids as sole nitrogen source. The frequency of mutation could be increased up to 11-fold by culture for 12 months. Out of 40
randomly selected calli, 22 were fully deficient in NR. The rest of the clones contained a decreased level of NR activity. Further char-
acterization was carried out in 13 mutant lines which were fully deficient in NR and in 5 mutant lines containing residual (0-7.0%) NR
activity, as compared to wild-type cells cultured on the same medium. The NR mutants were tentatively classified as defective in the
NR apoenzyme (nia-type; 11 mutant lines including the 5 with residual NR activity) or in the molybdenum cofactor (cnx-type; 7 mu-
tant lines) by the XDH activity. The cnx-type could be further classified into two groups. In one group (5 mutant lines) of these, the
NR activity could be partially restored by nonphysiologically high (1.0mM) molybdate in the culture medium. Both types of NR” mu-
tants were unable to grow on minimal medium containing nitrate as sole nitrogen source, but grew well on amino acids. They also
proved to be extremely sensitive to the standard medium (MSP;) containing nitrate and ammonium. Shoot regeneration was obtained

only in the NR™ mutants, which contained residual NR activity, but they so far have failed to grow into plants.
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Introduction

The assimilation of nitrate in higher plants is an important meta-
bolic process and therefore forms the subject of extensive physio-
logical and biochemical investigations (Muller and Grafe, 1978).
Nitrate reductase (NR) (NADPH: nitrate oxidoreductase, EC 1.6.6.3)
catalyzes the initial controlling step in nitrate assimilation by the re-
duction of nitrate to nitrite using NADH as the electron donor. Nitrite
is reduced to ammonium by nitrite reductase (NADPH: nitrite oxidor-
eductase, EC 1.6.6.4) and ammonium is finally assimilated into ami-
no acids (Kleinhofs er al., 1985).

NR also reduces chlorate to chlorite which is toxic to plant cells
(Marton et al., 1982). Nitrate reductase deficient (NR) cells, on the oth-
er hand, are resistant to chlorate, so it can be used for indirect selection
of NR’ cells. NR” mutants have been obtained in several plant species
by screening for resistance of plants to chlorate (Oostindier-Braaksma
and Feenstra, 1973; Feenstra and Jacobsen, 1980; Braaksma and
Feenstra, 1982). However, except for certain barley mutants reported
by Bright ef al. (1982), all NR' mutants isolated at plant level were
shown to maintain residual NR activity. In contrast, fully NR” mutant
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lines have been obtained from in vitro culture systems, such as cell sus-
pension or protoplast cultures, of P. hybrida var. Mitchell (Steffen and
Schieder, 1984), N. tabacum (Muller and Grafe, 1978; Evola, 1983)
and N. plumbaginifolia (Marton et al., 1982; Negrutiu ef al., 1985;
Pelsy et al., 1988).

Such NR mutants were obtained either spontaneously (Marton et
al., 1982 ; Pelsy er al., 1988) or after treatment with mutagens such as
N-ethyl-N-nitrosourea (Muller and Grafe, 1978; Marton ef al., 1982;
Evola, 1983), X-rays (Steffen and Schieder, 1984), UV light (Negrutiu
et al., 1985) and gamma rays (Grafe er al., 1986; Pelsy et al., 1988).

NR' mutants were shown to be double recessive mutants for both
nia- and cnx-types (Muller, 1981,1982). The nia-type is defective in the
apoprotein of NADH-NR, therefore, unable to synthesize a functional
apoenzyme but able to synthesize an active molybdenum cofactor. On
the other hand, the cnx-type possesses the apoprotein but lacks NR ac-
tivity due to an inability to synthesize the molybdenum-containing co-
factor that is essential for the function of NR. This molybdenum co-
factor deficiency also causes the loss of xanthine dehydrogenase (XDH
: EC 1.2.1.37) activity (Mendel and Muller, 1979; Mendel et al.,
1981,1982a,b; Buchanan and Wray, 1982). The cnx-type mutants
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could be further classified into two groups. In one of these, NR activity
could be partially restored by adding high concentrations of molybdate
in the culture medium (Mendel et al., 1981; Marton er al., 1982; Steffen
and Schieder, 1984). On the contrary, the other cnx-type can not be re-
paired under the same molybdate concentrations (Marton ez al., 1982;
Xuan et al., 1983; Steffen and Schieder, 1984; Mendel er al., 1986).
NR mutants are complete auxotrophs which have a strong require-
ment for nitrogen in a reduced form such as amino acids (Muller and
Grafe, 1978) or ammonium succinate (Muller, 1983). Because of this
property, NR deficiency has readily been utilized as a selective mark-
er for the production of somatic or gametosomatic hybrids via com-
plementation to nitrate reductase proficiency (Kohn et al., 1985;
Pirrie and Power, 1986; Brunold ef al., 1987; Tempelaar et al., 1987,

De Vries et al., 1988). By complementation analysis of somatic hy-

Table 1. Media composition used for this study

bridization or genetic crosses, both nia and cnx mutant types comple-
ment to give somatic hybrids with restored NR activity (Steffen and
Schieder, 1984; Pelsy er al., 1988).

P, parviflora has many useful characters, such as a prostrate, trail-
ing vigorous growth habit but this species exists in no other form than
the albino for somatic hybridization studies. The production of an
NR mutant in P parviflora was attempted with the aim of obtaining
an alternative selectable marker since, using P. parviflora in the albi-

no form gave hybrid callus but no plant regeneration.

Materials and Methods

1. Initiation and establishment of callus and cell suspension

P, parviflora seeds, vernalized at 4°C (dark, 2 weeks) were surface

Media .
ComporrF~ MSO  MSP, UM MSZ  MSD; AA AAP,  AAD; AA<hlorste MSNO; MSDNO;  NF, NF NF;
ents (mg:L") .
CaCly- 2H,O 440 440 440 440 440 440 440 440 440 440 440 440 440 440
NH:NOs 1650 1650 1650 1650 1650 - - - - - - - - -
KNOs 1900 1900 1900 1900 1900 - - - - 3970 3970 - - -
KCl - - - - - 2940 2940 2940 - - - 2940 2940 2940
KCIOs - - - - - - - - 12.255 - - - - -
KH2PO4 170 170 170 170 170 170 170 170 170 170 170 170 170 170
MgSO4- TH,O 370 370 370 370 370 370 370 370 370 370 370 370 370 370
KI 0.83 0.83 0.83 0.83 0.83 0.83 0.83 0.83 0.83 0.83 0.83 0.83 0.83 0.83
CoCly+ 6H,O 0.025 0.025 0.025 0.025 0.025 0.025 0025 0025 0025 0025 0.025 0025 0.025 0.025
H;BOs 6.2 6.2 6.2 6.2 6.2 6.2 6.2 6.2 6.2 6.2 6.2 6.2 6.2 6.2
Na;MoO;4- 2H,0 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25
MnSOy- 4H,0 223 223 223 223 223 223 223 223 223 223 223 223 223 223
CuSO;4- SHO 0.025 0.025 0.025 0025 0025 0025 0025 0025 0025 0.025 0.025 0025 0025 0.025
ZnS04- TH0 8.6 8.6 8.6 8.6 8.6 8.6 8.6 8.6 8.6 8.6 8.6 8.6 8.6 8.6
FeSO4- THO 27.85 27.85 2785 2785 2785 2785 2785 2785 2785 2785 27.85 2785 2785 2785
Na;EDTA 3725 3725 3725 3725 3725 3725 3725 3725 3725 3725 3725 3725 3725 3725
Glycine 20 2.0 2.0 20 2.0 - - - - - - - - -
Myo-inositol 100 100 100 100 100 100 100 100 100 100 100 100 100 100
Nicotinic acid 0.5 0.5 5.0 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Pyridoxine NCl 0.5 0.5 10.0 0.5 0.5 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Thiamine HCI 0.1 0.1 10.0 0.1 0.1 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Casein hydrolysate - - 2000 - - - - - - - - - - -
L-glutamine - - - - - 877 877 877 877 - - - - -
L-arginine - - - - - 228 228 228 228 - - - - -
L-glycine - - - - - 75 75 75 75 - - - - -
L-aspartic acid - - - - - 266 266 266 266 - - - - -
6-BAP - 0.5 - - 1.0 - 0.5 1.0 0.5 0.5 1.0 - 1.0 0.5
Kinetin - - 0.25 - - 0.2 - - - - - - - -
Zeatin - - - 1.0 - - - - - - - 1.0 - -
1AA - - - - 2.0 - - 2.0 - - 2.0 - 2.0 -
NAA - 2.0 - - - - 2.0 - 2.0 0.1 - - - 20
2,4-D - - 2.0 - - 1.0 - - - - - - - -
GA; - - - - - 0.1 - - - - - - - -
Sucrose 30,000 30,000 30,000 30,000 30,000 20,000 20,000 20,000 20,000 20,000 20,000 30,000 30,000 30,000
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sterilized and subsequently germinated on agar-solidified MSO me-
dium (Table 1). Following the removal of leaves from axenic shoots,
obtained 3-4 weeks after germination, the remaining stems were cut
into pieces (1.0-1.5cm length) and transferred (4-5/50mL medium, 6
oz jars) to agar-solidified UM or MSP, media (Table 1) for callus
induction. Cultures were maintained at 23-25C under a continuous il-
lumination of 500-1,000 lux (daylight fluorescent tubes).

Friable stem callus was transferred to AA liquid medium (5 g
f.wt./80mL in 250mL flask; Table 1) and maintained on a rotary shak-
er (80 cycles/min) under the same conditions as used for cell suspen-
sion cultures of albino P. parviflora. Cell suspensions were sub-
cultured every 7 days. Whilst callus cultures were maintained by sub-
culturing (every 3-6 weeks) on agar-solidified AA medium as a re-

newable source for cell suspensions.

2, Selection of NR" mutants

In order to assess the effects of cell suspension age on spontaneous
NR mutation, cells harvested, at intervals of 3 months (3, 6, 9, 12
months after initiation), from cell suspensions of P. parviflora were
used to select for NR™ mutants. Selection of NR™ mutants was per-
formed indirectly by selecting for chlorate resistant mutants on
AA-chlorate medium (Table 1) which contained 100mM KCIO; as a
selective agent and with amino acids as sole nitrogen source.

Cells were harvested from exponential growth phase suspensions
(5-6 days post subculture). Spent AA medium was removed from cells
by filtration through a 20uM nylon sieve. The cells were washed twice
with 100mL of liquid AA-chlorate medium and resuspended in the same
medium at a final density of 100mg (approx. 1.0 x 10° cells)/mL
medium. This cell suspension (2mL) was spread on the surface of
AA-chlorate medium (30mL) in 9cm petri dishes. For each assessment,
3 flasks were used and cells in each flask were placed in 5 petri dishes.

Controls were prepared using friable callus grown on agar-sol-
idified MSP; medium 7 days after subculture. Callus was forced
through a sieve (mesh size 1.0mM) to obtain a suspension of smaller
cell aglgregates. Cells were washed and inoculated (15 dishes) using
the same methods as used for suspension-cultured cells. After 1 week,
dishes were inverted and kept for further 3 weeks. Any green calluses
that developed were transferred (10-15calli/30mL) to the same me-

dium and results were assessed after 4 weeks.

3. Characterization of putative NR' mutants
Surviving calluses (chlorate resistant) were transferred (10-15cal-
1i/30mL) to, and propagated on the surface of agar-solidified AAP,

medium in 9cm petri dishes and used for the following analyses.

Callus pieces (approx. 3mM diam.) of wild-type P. parviflora estab-
lished on MSP; medium were cultured (10-15calli/30mL) on MSNO;
medium (Table 1), containing nitrate as sole nitrogen source, for 2
months (1 subculture in between) in order to eliminate NR' cells
which might have been induced spontaneously and survived on MSP,
medium. Surviving calluses (NR") were then cultured (10-15cal-
1i/30mL) on solidified AAP;, MSNO; or MSP; media and used as a
control, and NR™ mutant callus of N. tabacum (nia-130) cultured on

AAP; medium (Table 1) was also used for the same purpose.

Assessment of growth of chlorate-resistant cell lines on MSNO;
medium

The growth of 40 randomly selected chlorate-resistant calluses
was tested on MSNO; medium in order to confirm their lack of ability
to utilize nitrate. Small pieces (3mM diam.) of each callus line were
cultured on MSNQO; medium in 5 x 5 grids (SmL/well). Each line was
replicated 5 times. Results were assessed after 4 weeks culturing with

each week observation of cell growth.

Assessment of NR activity in calluses

NR has been known to catalyze the initial controlling step in nitrate
assimilation, reducing nitrate to nitrite (Cove, 1976,1979; Kleinhofs
et al., 1985). Selected mutants unable to utilize nitrate as nitrogen
source must have a reduced or no NR activity. For this reason, NR'
mutant calli were tested for their NR activity. In vivo NR activity was
estimated by anaerobically incubating cells with nitrate and determin-

ing the production of nitrite using the modified method of Jaworski

0.8

0.6

Absorbance

0.4

0.2

i H i 1 2.
100 200 300 400 500
ng Nitrite

Fig. 1. Calibration curve for nitrate reductase activity assay
(Jaworski, 1971). Absorption of light at 540nm was recorded.
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(1971). Callus samples (100mg) of 18 selected lines were individually
placed in 3mL of incubation solution containing 37.5mM KNO;,
16.6mM Na-phosphate (pH="7.5) and 2.5% (v/v) ethanol for reaction
and incubated under vacuum for 2 h at 25°C in the dark. Nitrite re-
leased into the solution was determined by adding 1mL of 1.0% (w/v)
sulfanilamide in 3.0 N HCl and ImL of 0.02% (w/v) aqueous
N-1-naphthylethylenediamine dihydrochloride to 0.5mL of super-
natant obtained. After 30 min, the absorbance of the clear supernatant
was read at 540nm using a Unicam SP 600 spectrophotometer.
Readings were calibrated against a standard curve of nitrite absorb-
ance (Fig. 1). NR activity is expressed as nmoles NO," formed per

100mg fresh weight of cells in 2 hours.

Assessment of xanthine dehydrogenase (XDH) activity

It has been proven that XDH and NR shared a common molybde-
num-containing cofactor and genetic defects in the cofactor abolished
both enzyme activities (Arst ef al., 1970; MacDonald et al., 1974;
Scazzocchio, 1974). NR- mutants could be therefore defective not on-
ly in the apoenzyme (nia-type) but also in the molybdenum cofactor
(cnx-type). For this reason, NR” mutants were tested for their XDH
activity. Soluble protein extracts were prepared from callus samples 8
days after inoculation on AAP; medium, and the protein samples (100
pl) were loaded to each well of prepared gels. Following electro-
phoresis, gels were stained for XDH isoenzyme. All procedures were
as described by Lee (1989).

Assessment of the response of the NR' mutant lines to mo-
lybdate

It has been shown that NR activity could be restored in some of the
cofactor-defective mutants by adding high concentrations of mo-
lybdate in the medium (Steffen and Schieder, 1984). Therefore, to
possibly classify NR” mutants further, 5 callus pieces (3mM diam.)
taken from each of 18 NR selected lines were cultured on solidified
MSP; medium (in 5 x 5 grids) which contained 1.0mM Na;MoOs.
Results were assessed after 1 month, and NR activity of surviving cal-

lus was reassessed.

4. Shoot regeneration assessments

Regeneration assessments were catried out on individual NR” mu-
tant lines following their prolification (3-4 weeks) on solidified AAP,
medium. Small pieces of such callus (4-5mM diam.) were placed on
solidified AAD; medium (Table 1) and/or the following agar-sol-
idified media: MSZ, MSD3, MSNOs, MSDNO;3, NF; and NF> media
(Table 1) each supplemented with 0, 5.0, 10.0, 15.0 or 20.0mM am-

monium succinate. Experiments were performed with 3 replicates,
and calli were cultured for two months with one subculture. The
long-term culture of NR” mutants, on AAD; medium, was also under-
taken for up to 7 months with monthly subcultures. All cultures were

maintained at 27 C under continuous illumination (3,000 lux).

5. Cytological analysis

Due to the difficulty of inducing shoots, the cytological analysis of
6 NR lines was performed using actively growing cell suspensions in
liquid AA medium. Actively growing callus and cell suspensions, of
selected putative hybrids were incubated in an aqueous saturated sol-
ution of bromonaphthalene for 2 h at 24°C. After two washes in dis-
tilled water, cells were fixed in acetic alcohol (24 h), washed twice in
distilled water, hydrolyzed in 1 M HCI (15 min), then finally washed
(twice) in distilled water. The hydrolyzed cells were stained and
examined. Twenty cells, scored for metaphase plates, were examined

and cell chromosome numbers recorded.

6. Culture of NR" mutants

Following NR" mutant culture experiments were performed in order
to determine the possibility of utilizing NR” mutants, obtained in this
study, for future somatic or gametosomatic hybridization as a select-
able marker, as well as to determine the effectiveness of NR™ mutant se-
lection system employed. Calluses of the 18 NR mutants (see Table 4)
and wild-type P. parviflora (log-phase material) pre-grown (7-8 days)

on AAP; solidified medium were used for these assessments.

Assessment of the response of the NR mutant lines to different
nitrogen sources

In order to determine the cultural response of the NR™ mutants
(nia-3,10,11 and cnx-6), compared to wild-type in P parviflora, to
different nitrogen sources, NF3 medium (nitrogen-free medium ;
Table 1), and MSP, (NO3/NHy), AAP; (NHs) and MSNO; media
(NOs) were used. Five callus pieces (approx. 3mM diam.) were in-
oculated in a 9cm petri dish which contained 30mL of the agar-sol-
idified media. The initial fresh weight of 5 callus portion was esti-
mated by the weight differences of petri dish between pre- and
post-inoculation. Each treatment was with 3 replicates. The fresh
weight gain of callus was estimated every 7 days up to 49th day after
inoculation by weighing 15 calli (5 calli x 3 replicates) per treatment.

Assessment of changes in NR activity during culture
In order to determine any possible correlation between culture du-

ration and NR activity, calluses of NR” mutants (nia-2,9,11 and cnx-1)
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and wild-type P, parviflora were cultured on agar-solidified, non-se-
lective AAP; medium. Callus pieces (3mM diam.) were inoculated
(5calli/30mL) on solidified AAP; medium and cultured as in 5.2.1.
Prior to inoculation, the initial NR activity of each cell line was
assessed. NR activity was determined using samples 100mg samples
of callus with 3 replicates. Assessments were carried out every 4 days,
including day 2, up to 24th day after inoculation.

Testing of nurse culture effects

Cell suspensions [100mg f.wt. (approx. 1.0 x 10° cells)/mL] were
prepared from calli of the NR™ mutants (nia-4,6 and cnx-2,4) and
wild-type and used for following two kinds of experiments. Each ex-
periment was carried out with 3 replicates.

Firstly, in order to determine whether reciprocal cross-feeding be-
tween different types (nia- and cnx-type) of NR” mutants would stim-
ulate both NR' mutants to utilize nitrate by metabolic cooperation,
mixture (1:1) of nia-type and cnx-type cell suspensions (4 combina-
tions) were prepared and cultured (2mL/30mL of medium) on sol-
idified MSNO; medium for 4 months without subculture.

Secondly, the effectiveness of chlorate as selective agent was studied
with mixed cultures of wild-type and NR” mutants. Cell suspensions of
wild-type and NR™ mutants were mixed (100:1; 4 combinations) and
cultured (2mL/30mL of medium) on solidified AAP| medium. After 1
month, random samples of 100 calli per each treatment were cultured
(25calli/30mL) on solidified AA-chlorate medium for 1 month. Any
surviving calli were again transferred (25calli/30mL) on MSNO; sol-

idified medium and cultured for 1 more month. This experiment was al-
so performed in order to determine whether reciprocal cross-feeding
between NR™ mutants and wild-type would stimulate the passage of
wild-type or NR” mutants through the sequential selection procedure

by metabolic cooperation.

Testing of NR' mutant stability

NR’ mutant calluses (the 18 lines as described in Table 4) were test-
ed every 3 months on MSNO; and AA-chlorate media in order to find
the stability of NR™ mutants or the presence of nitrate-utilizing cells.
Callus pieces (3mM diam.) of each NR line were transferred (5cal-
1li/30mL) to solidified MSNQO; and AA-chlorate media with 2
replicates. One of two petri dishes per each NR line was cultured for

1 month but the other for 5 months without subculture.

Results

1. Selection of NR mutants

During the first selection, callus, presumably from wild-type cells,
ceased division and became brown. On the other hand, a few
green-coloured calli, considered to be NR™ mutants, were capable of
growth on AA-chlorate medium and were readily visualized against
the background of brown/dead callus.

Following 2 subsequent selections, a total of 585 chlorate resistant
calli developed in the chlorate-containing selection plates with the

best results (327 colonies) using 12 month old suspension-cultured

Table 2. Effect of culture duration on selection frequency of NR™ mutants

Culture duration (month) Total no. of NR™ mutants selected Frequency of selected NR™ mutants (per 107 cells tested)”
0 0 0
3 29 9.7
6 73 243
9 156 52.0
12 327 109.0

*For each treatment, 15 dishes each containing 200mg of cells were used (1 g callus=1.0 x 107 cells).

Table 3. Classification of randomly selected NR™ mutants by the level of NR activity

NR- mutants tested

No. of NR" mutants

Origin Total no. of NR activity®
(selected from) NR mutants 0 0-10 10-20 20-30
3 month cultured cells 10 4 3 1 2
6 month cultured cells 10 6 2 1 1
9 month cultured cells 10 5 4 1 0
12 month cultured cells 10 7 2 0 I

*NR activity was determined in samples of 100mg callus, and expressed as nmoles NO,/2 h, 100mg f. wt.
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cells (Table 2). In contrast, no colonies were selected from the control
dishes. These data clearly indicated that the frequency of sponta-

neously induced NR' cells was enhanced with time in culture.

2. Characterization of NR' mutants

Growth on MSNO; medium

Of forty chlorate resistant cell lines (Table 3) cultured on MSNO;
medium, none survived. This confirmed that the selected cell lines

were not capable of utilizing nitrate and were therefore NR” mutants.

NR activity
Twenty-two cell lines were fully deficient, while in the other 18
lines residual NR activities (0-7.0%) were found (Table 3). By con-

trast, the cell lines used as wild-type was characterized by a relatively

high constitutive level of NR activity. Wild-type used in this study
exhibited considerable NR activity [corresponding to approx. 33.5%
of the level induced (395.8) on MSNO; medium] even when grown
on AAP, medium (Table 4). This high basal level of NR activity al-
lowed to detect the NR deficiency of mutants and could be respon-
sible for the high chlorate sensitivity of wild-type cells which fav-
oured the selection of NR mutants. NR activity was also assessed
from readily available another NR” mutant, N, tabacun nia-130, and
was about 6.3.

In addition, the intensity of pink colour, which appeared as a result
of the reaction of NO; released in incubation medium to the reagent
solution for nitrite assay, was in direct proportion to NR activity at
540nm. Therefore, this could be also used to distinguish the NR mu-
tants from wild-types.

Table 4. Growth properties and biochemical characteristics of NR mutant lines in P, parviflora

Growth on”
Cell lines CHIOMACTE- \R activities’  XDH 4401 MSP AAP MSNO,  Msp, | Oreanogencsis’
NaMoOy
132.4+19.7
R‘;ﬁf‘jﬁ; Ry 395.8:47.0 + o . ot et .
382.6+40.2
Aintlzbgg;n R, 6.3+2.6 + + +H+ 0 + +
nia- 1 R 0 + 0 +++ 0 0 -
nia- 2 R, 0 + 0 - 0 0 -
nia- 3 Rz 0 + 0 +H+ 0 0 -
nia- 4 R, 0 + 0 ++ 0 0 -
nia- 5 R 0 + 0 ++ 0 0 -
nia- 6 Ry 0 + 0 + 0 0 -
nia- 7 R, 2.3x1.4 + 0 ++ 0 0 -
nia- 8 Ry 3.740.8 + + ++ 0 + +
NR mutant #  nia-9 R, 5.6+£0.9 + + +H+ 0 + -
parviflora nia~10 R 8.0£0.7 + + - + + +
nia-11 R, 9.2+]1.1 + + +H + + +
cnx-1 R; 0 - 0 +++ 0 0 -
cnx-2 R 0 - 0 +H+ 0 0 -
cnx-3 R; 0 - ++ ++ 0 0 -
cnx-4 R, 0 - ++ H+ 0 0 -
cnx-5 R 0 - +++ +H+ 0 0 -
cnx-6 Ry 0 - +H =+ 0 0 -
cnx-7 R 0 - ++ ++ 0 0 -

“(R0) Not capable of growth on 100mM chlorate, (R1) Capable of growth on 100mM chlorate without necrosis, (R2) Fully resistant up to 100mM chlorate.
YNR activity of cell lines, all grown on AAP; medium, except: @ MSNO;, & MSP; medium.

*XDH activity; (+) Possession, (-) Absence.,

*(0) No growth, (+) Able to grow initially, but finally dead with necrosis, (++) Able to grow without necrosis, (+++) Active growth.
*(+) Organogenesis on AAD3 medium (nia-10), or on MSDNO3 medium supplemented with 5.0-20.0mM ammonium succinate (nia-8,11), (-) No organogenesis.
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Fig. 2. Increase in fresh weight of cells during culture on four kinds of media containing ditfer-

ent nitrogen sources.
Key: 1. Cell lines :
= Wild-type.

4 NR' cell lines possessing residual NR activity (nia-10,11).
* NR’ cell lines possessing no detactable NR activity (nia-3, cnx-6).

2. Each value = mean % standard error.

n=3 (wild-type) or 6 [two types ( 4 ,*; see 1) of NR” mutants each with 2 cell lines and 3 rep-
licates]. Where n denotes number of replicates.

Qlassification of the P. parviflora NR mutants by XDH activity

The XDH activity was assessed from 18 randomly selected NR”
mutants, On this basis, 7 NR" mutant lines were found to be deficient
in both NR and XDH activities and were therefore designated as
cnx-types. A lack of XDH activity reflected a defect in the molybde-
num cofactor. Eleven lines which had XDH activity were likely to be
defective in the apoenzyme and were therefore designated as
nia-types (no active apoenzyme; Table 4).

Classification of NR mutants by their response to molybdate

All 18 NR' mutant lines, tested by growth on MSP; medium
(containing KNO; and NH4NO;) and supplemented with 1.0mM
Na;MoOy gave five enx-types (cnx-3-7) which could grow on this me-
dium and they had approximately 12-17% of the total NR activity as
found in the wild-type, grown on nitrate medium (Table 4). The other

cnx-types and nia-types tested did not grow under these conditions.

3. Shoot regeneration

Attempts to regenerate whole plants from the NR” mutants failed.
Small shoots or primordia-like structures were observed for these NR”
mutant lines (nia-8,10,11), which exhibited residual NR activities, on
AAD; medium or MSDNO; medium, containing 5.0-20.0mM ammo-
nium succinate, but were not grown to plants. However, no organo-

genesis was obtained in the fully NR’ cell lines.

4. Cytological analysis
The NR mutant lines (nia-1,5,8 and enx-1,3,5) had a normal P. par-
viflora chromosome number of 2n=2x=18 with the exception of 2 cell

lines (nia-8, cnx-3) which were polyploid (2n=4x=36).
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5. Culture of NR' mutants

Response of the NR' mutant lines to different nitrogen sources

The results of the growth responses of each of the four NR mutant
lines (nia-3,10,11 and cnx-6) when compared with that of the
wild-type cell line on various nitrogen-containing media are pre-
sented in Fig. 2. Wild-type cells were found to grow better on mix-
tures of amino acids (in AAP, medium) as sole nitrogen sources than
in the presence of other reduced nitrogen compounds (in MSP; or
MSNO:; media). AAP; medium was preferably used as non-selective
medium in this study because of the better growth of wild-type and
NR™ mutants, as compared to MSP, medium. When grown on AAP,
medium, the NR” mutants formed a bright, friable callus and were
thus morphologically similar to the wild-type line. These results in-
dicated that the utilization of amino acids as nitrogen source was in-
dependent of whether or not the cells possessed active NR.

On the other hand, NR™ mutant cells were unable to utilize nitrate.
When grown on MSNO; medium containing nitrate as sole nitrogen
source, they behaved like nitrogen-starved cells with approximately a
4-fold increase in cell fresh weight. Two kinds of NR” mutants, which
contained no NR activity and residual NR activity, showed similar re-

sponses on all media.

Effect of culture duration on NR activity

Results are presented in Fig. 3. The NR activity in wild-type was
found to be relatively high and dependent on the age of culture.
Maximum activity of NR in wild-type occurred in log-phase cells

0 wild-type
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Fig. 3. Effect of culture duration on NR activity of wild-type and
NR™ mutant cells grown on AAP; medium.
Each value = mean =+ standard error.

and was usually attained at about & days after transfer of the cells to

new AAP; medium.

In two full NR” mutants (nia-2 and cnx-1), no in vivo NR activity
was detected during growth on AAP; medium. Thus, the NR” mutant
lines differed from the wild-type line in lacking a constitutive NR
activity. This result implied that the abolition of NR activity was in-
dependent of the induction by nitrate and could not be the result of an
impaired nitrate uptake.

The NR™ mutant lines (nia-9,11), containing residual NR activity,
regularly exhibited a low level of NR activity. NR activities of these
cell lines were, however, slightly increased at about 12 days after cul-

turing on new AAP| medium.

Effect of nurse culture

Following two kinds of experiments, no growing sectors were ob-
served, showing that nitrate utilization due to metabolic cooperation,
not only between two types (nia- and cnx-type) of NR cells but also
between wild-type and NR™ mutants, did not occur. This result also
showed that the sensitivity of wild-type cells to chlorate was not abol-

ished by close contact with resistant cells (NR” mutants).

Stability of NR” mutants

All 18 NR’ cell lines maintained on AAP| medium, in the absence
of the selective agent, were repeatedly tested on AA-chlorate and
MSNO; media and found to remain unchanged. As a more sensitive
test for the presence of nitrate-utilizing cells, NR” cell were cultured
for 5 months under the same conditions, but no growing callus sectors
were observed from all the cell lines. These results showed that either
no revertants occutred or only such revertants that were unable to suc-
cessfully complete with the NR’ cells and, therefore, had been elimi-

nated from the cell population.

Discussion

Albino mutants have been most frequently utilized for the pro-
duction of somatic hybrids especially in Petunia (Cocking et al.,
1977; Power et al., 1979. 1980). However, the resulting hybrid calli
have often shown a lack of regeneration capability, presumably
based on the non-regenerable albino parents. It was therefore thought
that the production of NR™ mutants would give an alternative source
for somatic or gametosomatic hybridization in the genus Petunia. In
this study, NR” mutants for P parviflora have been produced for the
first time.

The fact that wild-type P. parviflora exhibits considerable NR ac-
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tivity in the absence of nitrate implies that the abolition of NR activity
found in the mutant lines can not be due simply to a defect in nitrate
uptake or induction mechanisms. It must instead result from a defect
in genes, such as the structural genes for NR or genes responsible for
biosynthesis of the molybdenum-containing cofactor.

In the present study, the successful isolation of three NR™ groups
was confirmed by biological analyses. In their genetic and physio-
logical behaviour, all lines could be classified as nia, cnx A or cnx B
mutants which have been described previously for P hybrida (Steffen
and Schieder, 1984) and N. fabacum (Muller and Grafe, 1978,
Buchanan and Wray, 1982; Grafe and Muller, 1983).

The nia-type clones (nia-1-11) were classified as defectives in the
apoenzyme since the presence of the functional molybdenum co-
factor was shown by XDH activity. The cnx-type clones lacked XDH
activity and were, therefore, thought to be impaired in the synthesis of
the molybdenum-containing cofactor necessary for NR and XDH
activity. Thus, the cnx mutation affected a gene which controlled a
step in the synthesis of the molybdenum cofactor. In the enx-type
clones, NR activity could be restored by including nonphysiologically
high levels of molybdate (1.0mM) in the culture medium. The genetic
event leading to the cofactor defect in these cnx-type mutants
(cnx-3-cnx-7) seems to be analogous to the cnx A class mutants of V.
plumbaginifolia (Pelsy et al., 1988).

The NR deficiency was stably and continuously expressed in cell
culture. Such fully NR mutants represent excellent biochemical mark-
ers, such as the resistance to chlorate and the inability to use nitrate as
sole source of nitrogen. In addition, the selection and counter-se-
lection conditions were stringent. All these parameters are essential
with respect to the potential use of NR™ mutants as genetic markers for

the production of future somatic or gametosomatic hybrids.
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