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Summary. NADH-specific and NAD(P)H bispecific ni- 
trate reductases are present in barley (Hordeum vulgare 
L.). Wild-type leaves have only the NADH-specific en- 
zyme while mutants with defects in the NADH nitrate 
reductase structural gene (narl) have the NAD(P)H 
bispecific enzyme. A mutant deficient in the NAD(P)H 
nitrate reductase was isolated in a line (narla) deficient 
in the NADH nitrate reductase structural gene. The 
double mutant (narla;nar7w) lacks NAD(P)H nitrate 
reductase activity and has xanthine dehydrogenase and 
nitrite reductase activities similar to narla. NAD(P)H 
nitrate reductase activity in this mutant is controlled by 
a single codominant gene designated nar7. The nar7 
locus appears to be the NAD(P)H nitrate reductase 
structural gene and is not closely linked to narl. From 
segregating progeny of a cross between the wild type 
and narla;nar7w, a line was obtained which has the 
same NADH nitrate reductase activity as the wild type 
in both the roots and leaves but lacks NADPH nitrate 
reductase activity in the roots. This line is assumed to 
have the genotype NarlNarlnar7nar7. Roots of wild 
type seedlings have both nitrate reductases as shown by 
differential inactivation of the NADH and NAD(P)H 
nitrate reductases by a monospecific NADH-nitrate re- 
ductase antiserum. Thus, nar7 controls the NAD(P)H 
nitrate reductase in roots and in leaves of barley. 
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Introduction 

Nitrate reductase-deficient mutants are valuable tools 
for studying the genetic control of nitrate assimilation in 
eukaryotic organisms (for reviews see Cove 1979; 
Dunn-Coleman etal. 1984; Garrett and Amy 1978; 
Kleinhofs et al. 1983, 1985; Warner et al. 1985). In fun- 
gi, nitrate reductase (NR) is controlled by a single gene 
for the apoenzyme, up to five genes for the molyb- 
denum cofactor (MoCo), and several genes regulating 
induction and repression (Cove 1979; Garrett and Amy 
1978). Genetic regulation of NR in higher plants ap- 
pears to be similar except that regulatory genes have 
not yet been identified (Kleinhofs et al. 1985). In barley, 
the MoCo is controlled by at least five genes (Kleinhofs 
et al. 1985; unpublished data). 

The genetic regulation of nitrate assimilation in 
some higher plant species will probably be more com- 
plex than in fungi. For example, tobacco (Nieotiana 
tabacum L.), an allotetraploid, has duplicate genes for 
the NR apoenzyme (Mt~ller 1983). Presumably other 
polyploids also have duplicate genes for NR and other 
enzymes. In addition, multiple forms of NR have been 
shown to be present in some plant species. NADH spe- 
cific and NAD(P)H bispecific forms of NR have been 
reported in soybean (Jolly et al. 1976), maize 
(Redinbaugh and Campbell 1981), rice (Shen etal. 
1976) and barley (Dailey etal. 1982b). In soybean, a 
mutant has been isolated which lacks the constitutive 
NAD(P)H NR but retains the inducible NADH NR 
(Nelson et al. 1983; Ryan et al. 1983). 

Leaves of wild-type barley have only the NADH 
specific NR (Dailey et al. 1982a) while leaves of narl 
(NADH NR structural gene) mutants are deficient in 
the NADH NR but possess moderate levels of a 
NAD(P)H bispecific NR (Dailey etal. 1982b). The 



N A D H  and NAD(P)H NRs have different kinetic, im- 
munological  and physical  characteristics (Harker  et al. 
1986). Although the NAD(P)H N R  activity in narl mu- 
tants is much lower than the N A D H  N R  activity in the 
wild type, narl mutants  are capable  o f  good growth 
with nitrate as a ni trogen source (Oh et al, 1980; Warner  
and Kleinhofs 1981). 

This report  describes the isolation of  a new barley 
mutant  deficient in NAD(P)H N R  and documents  the 
presence of  both N A D H  and NAD(P)H NRs in roots of  
wild-type barley. 

Materials and methods 

Mutant narla (formerly Azl2) was subjected to mutagenesis 
with sodium azide (Kleinhofs et al. 1978). Mutagenized seed 
(M1 generation) were space-planted in the field to produce M~ 
seed. M2 seedlings were screened for in vivo NR activity by a 
modification of the procedure previously described (Warner 
et al. 1977). Two leaf discs were removed from the primary 
leaves of 7-day-old seedlings with a paper punch. The leaf discs 
were placed in a microtitration plate well containing 0.3 ml NR 
assay medium (0.1 M potassium nitrate; 0.1 M potassium 
phosphate, pH 7.0; 0.01% Tergitol NPX), vacuum infiltrated, 
incubated in the dark for 30 min, and assayed for nitrite (War- 
ner etal. 1977). Seedlings deficient in NR activity were 
transplanted and grown to maturity with urea as a nitrogen 
source. 

Progeny from selected plants and segregating generations 
from crosses were grown in growth chambers (Warner et al. 
1974) and assayed for in vitro NADH and NADPH NR activi- 
ties (Dailey et al. 1982a). NR activities are expressed in units 
(gmoles nitrite produced/g flesh weight, h). All NADPH NR 
assays were conducted in the presence of 1.8 Ixg/ml lactic de- 
hydrogenase and 0.5 mM pyruvate to competitively eliminate 
NADH produced by phosphatase conversion of NADPH and 
NADH. A monospecific, polyclonal antiserum against NADH 
NR was raised as previously described (Somers et al. 1983). 

Results and discussion 

A mutant  was selected from an M2 popula t ion  obta ined 
by mutagenesis o f  narla seeds. This mutan t  was desig- 
nated narla;nar7w after biochemical  and genetic analy-  
ses revealed the presence of  a gene specific to the 
NAD(P)H NR. Mutant  narla;nar7w lacked most o f  the 
NAD(P)H NR present  in narla and  the N A D H  N R  
present in the wild type (Table 1). Xanthine  dehydro-  
genase and nitrite reductase activities in narla;nar7w, 
narla and Steptoe were all similar (data  not shown). 
These results indicate that  mutat ions  in narla;narTw 
are not in loci control l ing the MoCo. In fungi, the 
pleiotropic loss of  N R  and nitri te reductase activities is 
diagnostic of  a regulatory gene mutat ion while the 
pleiotropic loss o f  N R  and xanthine dehydrogenase  ac- 
tivities is evidence for a defective MoCo gene (Cove 
1979; Garret t  and  Amy 1978; Kleinhofs et al. 1985). NR 
activity can be restored in crude extracts of  most MoCo 
mutants  by in vitro complementa t ion  with a MoCo 
donor  such as milk xanthine oxidase (Kleinhofs et al. 

715 

Table L NADH and NADPH nitrate reductase activities in 
roots and leaves of Steptoe, narla and narla; nar7w seedlings 

Part Co factor Nitrate reductase activity (Units) 

Steptoe narla narla;nar7w 

Leaves NADH 61.5 3.08 0.12 
NADPH 0.37 5.48 0.15 

Roots NADH 2.09 0.94 0,06 
NADPH 1.29 1.82 0.08 

Table 2. Segregation for NADH nitrate reductase activity in 
leaves of I=2 and F~ seedling from Steptoe• nar7w. F2 
families were dassified as HH if all F5 seedlings had high ac- 
tivity (greater than 40% of Steptoe), as LL if all seedlings had 
low NR activity (less than 20% of Steptoe) or as HL if seedlings 
segregated for high or low activity 

F2 plants F2 families 

NR Act. No. HH HL LL 

Units No. 

35-40 2 2 0 0 
30-34 7 5 2 0 
25-29 8" 1 6 0 
20-24 10 0 10 0 
15-19 4 0 4 0 
9-14 1 0 1 0 
5-9 1 0 0 1 
1-4 4 0 0 4 
0-0.9 2 0 1 b 1 

" One F~ plant did not produce seed 
b Abnormal segregation; probably 
outcrossing 

due to seed mixture or 

1985; Narayanan  et al. 1984). In  bar ley  only loci con- 
trolling the MoCo and the N A D H  N R  apoenzyme have 
been previously uncovered (Kleinhofs e ta l .  1985). 
Therefore, the gene controll ing the NAD(P)H N R  is 
representat ive of  a new N R  locus and is designated nar7. 

Segregation of  progeny for N R  activity from a cross 
between Steptoe and narl ;nar7w indicated that  the nctrl 
and nar7 genes act independent ly .  Among  F2 progeny,  
31 seedlings had high and 7 seedlings had low NR ac- 
tivity (Table 2). This is a good fit to a 12:4  ratio (X ~ 
= 0.88; P - -  0.75-0.90). F2 individuals  classified as low 
N R  ranged from the phenotypes  of  narla to narla; 
nar7w. Further  subclassification of  the low N R  individ- 
uals was not possible due to cont inuous variat ion and 
the small sample size. Individuals  heterozygous for nat7 
appeared  to have N R  activity in termediate  to narla and 
narl;nar7w. N R  activities of  individual  F3 seedlings 
confirmed most o f  the F~ classifications. Fz individuals  
with highest N R  activities tended to be homozygous  
for N A D H  N R  while the F2s with in termedia te  ac- 
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Table 3. Observed and predicted NADH nitrate reductase ac- 
tivities in leaves ofnar l  and nar7 genotypic combinations 

Genotype Line Relative nitrate 
reductase 

Observed Pre- 
dicted 

NarlNarlNar7Nar7 Steptoe 100 
NarlNarlNar7nar7 100 
NarlNarlnar7nar7 F3 selection 100 

NarlnarlNar7Nar7 Step. • narla 60 ~ 
NarlnarlNar7nar7 Step. • 57 

nar 1 a; nar7w 
Nar l nar l nar 7 nar 7 60 

narlnarlNar7Nar7 narla 5 
narlnarlNar7nar7 3 
narlnarlnar7nar7 narla;nar7w < 1 

" See Kleinhofs et al. 1980 

tivities segregated in the Fs (Table 2). Kleinhofs et al. 
(1980) showed that nar l  is codominant  and that the het- 
erozygote had about half  the NR activity of  the wild 
type. The low NR individuals exhibited a range of  NR 
activities with the extremes typical of  nar l  and nar l ;  

nar7w.  Heterozygotes at nar7 appeared to have inter- 
mediate NR activity suggesting that nar7 is also co- 
dominant. 

The observed segregation patterns are consistent for 
two independent loci where one locus has a much 
greater influence on the observed phenotype than the 
other locus. In seedling leaves, the NR activity under 
control of  the N A D H  NR structural gene (nar l )  is much 
greater than the NAD(P)H NR activity controlled by 
nar7 (Table 1). Furthermore, the NAD(P)H NR is not 
expressed in leaves in the presence of  the N A D H  NR 
(Dailey et al. 1982b). Therefore, 75% of  the F2 progeny 
from n a r l a ; n a r 7 w •  Steptoe would be expected to have 
high N A D H  NR activity. Individuals with low NR ac- 
tivity would be expected to segregate for the nar l  and 
nar7 genotypes. Observed and predicted N A D H  NR ac- 
tivities of  the nar l  and nar7 genotypic combinations are 
presented in Table 3. The observed segregations are in 
agreement with this model. 

Leaves of  Steptoe barley have only the N A D H  NR 
(Dailey et al. 1982 a), while roots have NR activity with 
both N A D H  and N A D P H  (Table 1). The NADPH NR 
to N A D H  NR ratio of  0.62 was an indication that roots 
of  the wild type contained a mixture of  the two enzymes 
because the NAD(P)H enzyme of  n a r l a  has about 1.8 
times more NR activity with N A D P H  than with N A D H  
(Harker et al. 1986), while the N A D H  enzyme has very 
low NR activity with N A D P H  (Table 1; Dailey et al. 
1982 a). 

Further evidence that roots of  Steptoe barley have 
both NRs was provided by the differential inactivation 

Table 4. Inactivation of NADH and NADPH nitrate reductase 
activities from Steptoe and narla by an antiserum raised 
against NADH nitrate reductase. Crude extracts were incubat- 
ed for 60 min at 0~ ~ with 12 ~tl/ml preimmune serum (PI); 
or with 6 or 12 ~tl/ml NADH-nitrate reductase antiserum 
(ANR) 

Genotype Part Serum Nitrate reductase activity 

NADH NADPH NADPH/ 
NADH 

~tl/ml Units Ratio 

Steptoe Leaf PI 12 57.8 0.26 < 0.01 
ANR 6 41.6 0.02 < 0.01 
ANR 12 18.4 0.02 <0.01 

Root PI 12 7.1 1.79 0.25 
ANR 6 1.7 1.44 0.85 
ANR 12 1.23 1.43 1.16 

narla Leaf PI 12 2.72 6.04 2.22 
ANR 6 1.7 3.32 1.95 

12 1.45 2.72 1.88 

Root PI 12 1.87 3.49 1.87 
ANR 6 1.53 3.06 2.00 
ANR 12 0.97 1.86 1.92 

of  NADH and NADPH NR activities by the N A D H  NR 
antiserum (Table 4). Both the N A D H  and NAD(P)H 
enzymes are inactivated by the N A D H  NR antiserum 
but the NAD(P)H NR requires several times more anti- 
serum for inactivation than does the N A D H  NR 
(Harker et al. 1986). Therefore, in mixtures of  the two 
enzymes, the N A D H  NR is preferentially inactivated 
and the N A D P H / N A D H  NR ratio is increased. Since 
the ratio changed only in the roots of  the wild type and 
not in the leaves of  the wild type nor in the leaves or the 
roots o f n a r l a  (Table 4), both the N A D H  and NAD(P)H 
NRs must be present in roots of  the wild type. 

The knowledge that roots of  the wild type have both 
NRs was used to demonstrate that nar l  and nar7 genes 
act independently and to isolate a line having normal 
NADH NR activity but lacking the NAD(P)H NR. Pro- 
geny of  the nine F2 individuals homozygous for leaf 
NADH NR were assayed for root NADPH NR activity. 
Of these, eight segregated for the presence or absence of  
NAD(P)H NR and one was homozygous for the pres- 
ence of  NAD(P)H NR activity (Table 5). The combined 
segregation of  the eight lines was 44 seedlings with 
NADPH NR and 19 without NADPH NR activity. This 
is a good fit to a 3:1 ratio (X 2 =0.89; P=0.75-0.90) .  In- 
dividual F3 seedlings homozygous for N A D H  NR in 
leaves and lacking NADPH NR activity in roots were 
transplanted and allowed to produce seed. These lines 
have wild-type levels of  N A D H  NR in both the roots 
and leaves but lack the NADPH NR activity present in 
the roots of  the wild type (Table 6). 
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Table 5. NADPH nitrate reductase activity in roots of F3 seed- 
lings from F2 families (Steptoe x narla; nar7w) homozygous 
for NADH nitrate reductase 

Line Nitrate reductase activity (units) 

5-6 4-4.9 3-3.9 2-2.9 1-1.9 0-0.9" 

No. of seedlings 

84-106-1 6 3 1 
84-105-12 4 1 5 
84-104-1 1 1 2 1 4 
84-106-6 3 3 2 
84-106-10 4 1 1 2 
84-106-11 4 1 1 1 1 2 
84-106-12 1 1 2 2 4 
84-106-3 1 8 1 

Steptoe 2 8 12 1 

�9 Observed activities all less than 0.5 units 

Table 6. NADH and NADPH nitrate reductase activities of a 
line selected for the absence of root NADPH nitrate reductase 
activity from narl a; nar7w x Steptoe 

Part Cofactor Nitrate reductase activity (Units) 

Steptoe Nar 1Nar lnar7nar7 

Leaves NADH 38.6 39.4 
NADPH 0.1 0.1 

Roots NADH 6.24 4.22 
NADPH 2.20 0.08 

These results indicate the nar7 locus controls the 
NAD(P)H N R  but  not the N A D H  NR. The presence of  
xanthine dehydrogenase  activity in narla;nar7w and 
N A D H  NR activity in the reselected lines (Table 6) ex- 
clude a MoCo function for the nar7 locus. The nar7 locus 
is p robably  the NAD(P)H NR structural gene but  regu- 
latory functions specific to the NAD(P)H N R  cannot  be 
ruled out even though nitrite reductase is present  in all 
genotypes. 
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