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Abstract

Rye and wheat can easily be crossed, providing the possibility to create disomic addition lines, which contain
a pair of homologous chromosomes of rye in the genetic background of wheat. We obtained and used a set of
Chinese Spring-Imperial (CS-IMP) disomic addition lines for facilitating the location of genes responsible for P
starvation tolerance and root secretion of APase on the specific chromosome(s) of rye. A soil culture experiment
showed that different chromosomes of Imperial rye in the background of common wheat Chinese Spring (CS)
contributed differently to the trait investigated. Chromosome 1R and 7R of rye might carry genes responsible for
tolerance to Pi starvation stress, while 5R might carry unfavorable genes regarding Pi starvation tolerance. APase
activities of different disomic addition lines as well as background parent CS were 1∼12 and 2∼6 folds higher
under Pi starvation conditions than under Pi sufficient conditions in terms of APase secretion on individual plant
root system basis (µg/plant per h) and on unit dry root weight basis (µg/g per h) respectively. Among 7 disomic
addition lines, DA1R secreted more APase than the rest of lines in both parameters mentioned above under Pi
starvation condition. IEF (Iso-electric Focussing) diagram of APase isozymes clearly showed that chromosome 1R
carries Pi starvation-inducible APase genes. Our results showed that genes conferring Pi starvation tolerance might
be carried on 1R and 7R in the genome of rye, and the Pi starvation-inducible APase gene(s) carried in 1R might
be one of the reasons of the better performance of line 1R under Pi starvation condition.

Abbreviations: CS-IMP DA line – Chinese Spring-Imperial disomic addition line; APase – Acid phosphatase;
MVGY – Mean Value of Individual Grain yield; RGY – Relative Grain Yield; IEF – Iso-electric Focussing; NPP –
p-Nitrophenyl Phosphate; NP – p-Nitrophenol; Pi – inorganic orthophosphate

Introduction

Phosphorus deficiency is a common phenomenon that
seriously limits crop production all over the world. It
has been estimated statistically that at least 5.8 billion
hectares of land accounting for ∼45% of total cul-
tivated land in the world suffered from the problem
(Lu, 1987). Plants absorb P from the soil as inorganic
orthophosphate (Pi) ions. In most soils, the concen-
tration of available Pi in soil solution (∼2 µM) is
several orders of magnitude lower than in plant tis-
sues (5∼20 mM) (Raghothama, 1999). Phosphorus

is acquired by the plant roots in an energy-mediated
cotransport process driven by a proton gradient gen-
erated by plasma membrane H+-ATPases (Epstein,
1976; Ullrich-Eberius, 1981). In response to persistent
Pi deficiency, plants have developed many adaptive
mechanisms, such as changes in root growth and ar-
chitecture (Anghinoni, 1980; Barber, 1984; Lynch,
1995); increased production of RNases (Bariola, 1994;
Kock et al., 1995; Loffler, 1992); increased transcript
accumulation of high affinity Pi transporter genes
(Leggewie, 1997; Liu, 1997) and altered activity of
several enzymes of the glycolytic pathway (Duff et al.,
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Table 1. Total-P and available-P concentrations in soil used in +P
and −P treatments in different experimental years

Period Index Soil samples (mg/kg)

+P −P

Year 1 Total-P 794 793

Available-P 14 5.2

Year 2 Total-P 885 862

Available-P 20 8.0

1989; Goldstein, 1992), to enhance the availability and
increase the uptake of Pi from the environment (Rag-
hothama, 1999; Schachtman et al., 1998). In addition,
secretion of acid phosphatase (APase; EC 3.1.3.2)
from roots is also one of mechanisms for plant adapta-
tion to P deficiency (Duff et al., 1991; Goldstein, 1988;
Li and Tadano, 1996). APase catalyzes the hydrolysis
of a wide range of orthophosphates monoesters, with a
pH optimum of between 5.0 and 6.0 (Duff, 1989). Dra-
matic increases in APase secreted from P-starved roots
were demonstrated for various plant species (Ascen-
cio, 1997). For example, under P-deficient conditions,
the secretion of APase from the roots of white lupin in-
creased up to 20 times compared with the P-sufficient
conditions (Tadano, 1991). The secreted APase are
likely to be involved in recapturing Pi from organic
P pools in the soil. Because a considerable frac-
tion (20∼80%) of P in soil is found in the organic
form (Dalal, 1977), the role of P starvation inducible
APase played in plant adaptation to P deficiency is
considerable.

Genetic engineering, including gene manipulation
and chromosome engineering, has been proven to
be successful in improving crop traits (Li, 1986b,
1990; Tanksley, 1997). Increasing the APase secre-
tion of plant roots through genetic engineering will
be a promising means for improving the adaptation of
plants to P deficiency.

Wheat (Triticum aestivum L., 2n=42) is an import-
ant crop, but its ability to adapt in poor soil conditions,
including low P soils, is inferior to some of wild grass
species (Li, 1985; Li and Hao, 1990). Rye (Secale
cereale L., 2n=14), one of its wild grass species, pos-
sess some good traits, which help its adaptation to
poor soil conditions (Li, 1985). Because rye and wheat
cross easily, a set of wheat–rye disomic addition lines
were developed. The disomic addition lines may help
to find genes useful for making wheat adaptable to

poor soil conditions. Therefore, for laying the founda-
tion for the transfer of these genes to cultivated wheat
and ultimately to improve the capacity of cultivated
wheat in utilizing soil P reserves, we investigated the
disomic lines for APase activity and grain yield using
pot experiments.

Materials and methods

A set of Chinese Spring-Imperial disomic addition
lines (CS-IMP disomic addition lines) and their wheat
parent Chinese Spring (2n=21′′W=42) were used as
experimental materials. CS-IMP disomic addition line
has a pair of homologous chromosomes of Imper-
ial rye added to the background of Chinese Spring
wheat (2n=21′′W+1′′R=44). Because there are seven
pair of chromosomes in the genome of rye, there
are seven disomic addition lines altogether (DA1R,
DA2R, DA7R).

Verification of CS-IMP addition lines

As shifting and breakage of the pair of rye chromo-
somes in the background of wheat in addition lines, it
is often required to confirm the truthfulness of each ad-
dition line by counting chromosome numbers and by
C-banding techniques. Strong terminal bands detected
by C-banding are characteristic of rye chromosomes,
and each rye chromosome has its special band pat-
terns and features. So it is easy to distinguish the rye
chromosomes from wheat chromosomes and distin-
guish rhe chromosomes from each other. Only the true
addition lines were used in the following experiments.

Root tip chromosome slide preparation and C-
banding techniques were performed using the method
described by Gill (1991).

Collection and treatment of soil samples

Soil with pH>7.5 and with high total-P and low
available P were used in the pot screening exper-
iments. Drab soil collected from Yuanshi County,
Hebei province was used in the first experimental
year and alluvial drab soil collected from Changping
County, Beijing, was used in the second experimental
year. The reason why we used different soil sources
was that we would like to know whether or not the
grain yield results obtained from using these two soil
sources were parallel. The soil was passed through 2-
mm sieve, mixed well with fertilizers, and 7.5 kg soil
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was placed into each pot. For ensuring even distribu-
tion of water, a quartz sand bag (500 g), made from
cheese-cloth was placed at the bottom of each pot. A
plastic tube was placed on the quartz sand bag before
filling the soils and the plants were watered through
the tube.

Determination of total-P and available-P in the soil
samples

The total-P and available-P (Olsen-P) concentrations
in the soil samples before (−P) and after (+P) apply-
ing P fertilizer were listed in Table 1. Olsen-P in the
soils was determined colormetrically by the formation
of the blue phosphomolybdate complex following re-
duction with ascorbic acid (Murphey et al., 1962) and
total-P was measured by HClO4-H2SO4 method (Shi
and Bao, 1992).

Experimental treatments

Two treatments, +P and −P, and three replications
were set for each of the plants material. Nutrients
shown to be deficient in the soil samples were applied
as specified in Table 2. The amounts of fertilizers ad-
ded in −P treatment were the same as in +P treatment,
except that no P fertilizer was applied in −P treat-
ment. Five seeds were sown in each pot. At the 3-leaf
stage, only two seedlings were left in each pot. Sev-
eral measures such as watering and spraying chemicals
were conducted to ensure the good growth of plants.
After tillering (before winter), the plants were moved
to a greenhouse with temperature kept at 30 ◦C during
daytime and 25 ◦C during night and with light main-
tained under 16-h light/dark regime. The grain yield
on an individual plant basis was measured at matur-
ity. The mean value of grain yields (MVGY) of the 6
individual plants in three replications was calculated.
The MVGY in the −P treatment and the mean value of
relative grain yield (RGY, %), percentage of MVGY
in the −P treatment to MVGY in +P treatment were
used as criteria to differentiate between efficient and
inefficient lines.

Assay for APase activity

APase activity assay was performed according to the
published method (Tadano and Sakai, 1991). Seeds of
different addition lines together with CS were surface
sterilized with 0.1% HgCl2 for 20 min followed by
washing thoroughly with autoclaved distilled water.

After having been geminated on moistened filter pa-
per for 6 days, seedlings of each line were transferred
to +P and −P solutions prepared according to Tadano
and Sakai (1991) and cultured for 30 days. The con-
centration of Pi for the +P and −P treatments were
2 and 0.1 µg/g, respectively. Culture solutions were
changed once every 3∼5 days. When the length of
the main roots grown under −P conditions was ap-
proximately 20 cm (∼30 days), one plant each from
the +P and −P treatment was transferred to 40 ml
distilled water containing 1 mM CaCl2 and the plants
were incubated for 24 h at room temperature. After the
incubation, the solution was collected and centrifuged
at a speed of 4000 rpm for 4 min at 0 ◦C. The activity
of APase in both supernatants was assayed using NPP
(p-Nitrophenyl Phosphate) as a substrate. Five ml of
supernatant was added to the 3 ml reaction mixture
which contained 5 mM NPP and 100 mM sodium acet-
ate buffer (pH 5.6). The reaction proceeded at 30 ◦C
for 20 min and was terminated by adding 2 ml sat-
urated Na2CO3 solution. The resulting solutions were
used for chromatography at 400 nm to determine the
amount of NP (p-Nitrophenol) hydrolized from NPP.
APase activity was calculated on both an individual
plant root system basis (µg/plant per h) and unit dry
root weight basis (µg/g per h).

IEF (Iso-Electric Focussing) Assay for APase
Isozymes

Crude protein extraction from plant roots under +P and
−P conditions, gel preparation (pH, 3∼9.5), and gel
staining were performed according to Liu’s method
(Liu, 1993). Gel was running at V=3000, m/A=80,
W=12, Vh=4500. 25 µl extraction sample was loaded
on each lane.

Results

Pot experiments

One of our previous studies (Liu, 1999) demonstrated
that grain yield on an individual plant basis in the pot
experiment was highly correlated with the grain yield
in the field experiment (r=0.92∗∗, significant at 1%
level). So MVGY (mean value of grain yields on an
individual plant basis) and RGY (Relative grain yield,
percentage of MVGY in −P treatment to MVGY in
+P treatment) were used as criteria to differentiate
between efficient and inefficient lines. The pot exper-
iments over years were shown in Table 3. Different
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Table 2. The amount of fertilizers added in +P and − P treatments in pot experiments

Treatment Elements (g/pot)

Urea KH2PO4 H3BO3 MnSO4 ZnSO4·7H2O

+P 2 2 0.125 0.125 0.25

−P 2 0 0.125 0.125 0.25

Table 3. MVGY (g/plant) and RGY (−P/+P, %) of different CS-IMP disomic addition lines in two different experimental years

Year Treatment CS-IMP Disomic Addition Lines

IR 2R 3R 4R 5R 6R 7R CS

Year 1 −P 2.38±0.35 0.94±0.12 2.4±0.35 / 0.9±0.10 2.19±0.38 3.20±0.48 1.85±0.22

+P 3.18±0.55 1.75±0.42 6.9±0.88 / 3.11±0.36 5.24±0.67 4.66±0.59 4.45±0.56

RGY (%) 74.8 53.7 34.8 / 28.9 41.8 68.7 41.5

Year 2 −P 3.89±0.49 3.10±0.44 4.13±0.48 3.44±0.46 1.11±0.12 3.88±0.57 6.00±0.76 3.16±0.51

+P 4.40±0.48 4.00±0.47 10.28±1.5 5.77±0.62 4.28±0.60 7.10±0.84 7.20±0.85 5.41±0.62

RGY(%) 88.4 77.5 40.2 59.6 25.9 54.6 83.3 58.4

Note: (1) Each datum in the table was the mean value of three replications with two plants in each pot. (2) The data for line 4R was absent
in the first experimental year, because plants suffered from freezing stress.

addition lines responded differently to P deficiency
stress. The results of the two experimental years were
highly consistent, although the available-P levels in
the soils were quite different between the two years.
This indicated that our results were reliable and re-
peatable. When MVGY under −P conditions was
compared, DA7R performed better than other lines.
The MVGY of DA7R in the two experimental years
were 3.2 g and 6.0 g which were 73% and 90% higher
than that of CS. When RGY was compared, DA1R
was the best one. The RGY of DA1R reached 75%
and 88% in year 1 and year 2, respectively. DA5R was
the worst line both in MVGY (0.9 g and 1.1 g) and
RGY (29% and 26%) among all lines, which were
51% and 65% less than that of CS. We concluded
from above results that chromosome 1R and 7R of rye
might carry gene(s) that could make wheat resistant
to P deficiency, while chromosome 5R might carry
unfavorable gene(s) for the trait.

The effect of rye chromosomes on the secretion of
APase from common wheat roots

The APase activities on an individual plant root system
basis and on unit dry root weight basis for different
addition lines under +P and −P conditions were shown
in Tables 4 and 5, respectively. Activities of APase of

different addition lines were greatly induced on both
basis mentioned above in response to Pi starvation, but
the extent varied with different addition lines. In terms
of secretions on an individual plant root system basis
(Table 4), DA1R performed best both in absolute se-
cretion (4.9 µg/plant roots per h) under −P condition
and in induction (12-fold) under −P conditions com-
pared to +P conditions. On the contrary, background
parent CS was the worst one in the two parameters (2.6
µg/plant roots per h and 1-fold). In terms of secretions
per unit dry root weight (Table 5), DA1R was still the
best (129 µg/g per h) and DA4R the lowest (55.4 µg/g
per h), while DA6R was the best in induction under
−P and +P conditions (6-fold). These results indicated
differential effects of different chromosomes of rye ad-
ded to the genome of common wheat on the secretion
of APase.

IEF analysis of APase isozymes of different addition
lines under +P and −P conditions

The IEF gel of APase isozymes of different addition
lines under +P and −P conditions (Figure 1) showed
that −P treatment induced a new isozyme (band 1)
in the root samples of all addition lines as well as
CS. But the new band was also present under +P con-
dition for both rye and DA1R, and the induction of
the new isozyme under P starvation condition was
much stronger for both rye and DA1R than the oth-
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Table 4. Secretory APase activities expressed on an individual plant root system basis (µg/plant per h) of different CS-IMP disomic
addition lines under −P and +P conditions

Treatment CS-IMP Disomic Addition Lines

1R 2R 3R 4R 5R 6R 7R CS

−P 0.42 0.84 0.94 0.67 1.72 0.76 0.90 1.95

+P 4.86 2.68 3.52 2.96 3.68 3.96 4.50 2.56

−P/+P 11.6 3.2 3.74 4.4 2.1 5.2 5.0 1.3

Note: Each datum in the table was the mean value of three replications. Six plants in one replication were assayed for APase activities.

Table 5. Secretory APase activities expressed on unit dry root weight basis (µg/g per h) of different CS-IMP disomic addition lines under
−P and +P condition

Treatment CS-IMP Disomic Addition Lines

1R 2R 3R 4R 5R 6R 7R CS

−P 42.4 28.6 21.8 15.1 51.6 14.5 18.4 31.8

+P 129.3 60.5 59.0 55.4 79.3 85.3 68.5 62.0

−P/+P 3.1 2.1 2.7 3.7 1.6 5.9 3.7 2.0

Note: Each datum in the table was the mean value of three replications. Six plants in one replication were assayed for APase activities.

ers. In addition, another new isozyme (band 2) was
also induced in rye and DA1R samples, but not in
other line samples. The fact that the diagram of APase
isozyme of DA1R is identical to that of rye suggested
that the gene(s) encoding for P deficiency-inducible
APase in the genome of rye were located on the 1R
chromosome.

Discussion

Wide hybridization and combining chromosome en-
gineering was widely used in creating new materials
and breeding new cultivars with various desirable
characters of wild species expressed in wheat (Li,
1985; Riley, 1968; Sebesta, 1978). Location and map-
ping of genes responsible for desirable traits on the
specific chromosomes of wild species is the founda-
tion for transferring the genes into crops (Li, 1985;
Tanksley and McCouch, 1997). For identifying the
location of genes responsible for desirable traits on
chromosomes of wild species, several wheat-wild
grass addition lines or telodisomic addition lines have
been developed (Dvorak, 1974; Forster, 1987; Freibe,
2000).

In this study, we used a set of wheat-rye addition
lines to locate genes conferring P deficiency resistance
on the specific rye chromosomes. Our results showed
that the effects of adding different rye chromosomes in
the genome of common wheat CS on the traits of P de-

ficiency resistance were quite different (Table 3). The
MVGY of DA7R in the two experimental years were
3.2 g and 6.0 g, but the MVGY of DA5R was only 0.9
g and 1.1 g. The RGY of DA1R reached 75% and 88%
in years 1 and 2, respectively, but the RGY of DA5R
was only 29% and 26%. So we concluded that DA1R
and DA7R might carry favorable gene(s), while DA5R
might carry unfavorable genes regarding P deficiency
resistance. There are two possible effects of the adding
pair of rye chromosomes on the trait of P deficiency
resistance in CS. One is the favorable or unfavorable
gene(s) regarding the trait are carried on the chromo-
somes directly, the other is the interaction between the
added pair of chromosomes and CS chromosomes or
the cytoplasm influence indirectly. P deficiency resist-
ance is a very complex trait connected with a number
of processes and controlled by the coordinated expres-
sion of a large number of genes (Raghothama, 1999).
Genes who are responsible for root morphological
changes, and physiological, biochemical and molecu-
lar changes in response to P deficiency are involved
in the resistance of P deficiency. P-deficiency-resistant
plants must carry one or more of these genes. Since so
many genes are involved in the trail, it could be quant-
itatively inherited. Majumder et al. (1989) postulated
that P deficiency tolerance in rice is a quantitative trait
with high heterotic effects. Ni et al. (1998) located
PHO, a major QTL on chromosome 12 and mapped
several minor QTLs on rice chromosomes 1, 6 and 9
by AFLP. The positive effects of 1R and 7R on the



272

Figure 1. IEF diagram of APase isozymes from roots of different CS-IMP disomic addition lines grown under +P and −P Conditions (am-
pholine pH 3–9.5). Arrows indicated new bands induced upon Pi starvation. The banding patterns of DA3R, DA4R and DA5R were the same
with that of CS, data not shown.

traits in CS might be due to the major-effect gene(s)
carried on them. Molecular marker linkages regarding
the major-effect genes on 1R and 7R will be estab-
lished in the future study. The reasons for the negative
effect of 5R chromosome on P deficiency tolerance are
not clear at present.

The induction of APases in response to Pi star-
vation is a universal response in high plants (Rag-
hothama, 1999). Production of APases is considered
to be an integral part of the plant response to Pi defi-
ciency (Duff, 1994). Our results confirmed these res-
ults, but the induction for different addition lines was
quite different. The APases secretion was measured
on an individual plant root system basis and per unit
dry root weight. We think that expressing the APase
activities on an individual plant root system basis is
better than per unit dry root weight for screening P-
deficiency-resistant species and genotypes, because it
reflects the combined information on the root system
as well as on APase secretion capacity of a plant. In
our case, line DA1R has both a large root system (high
root/shoot ratio and high unit dry root weight, data not
shown) and strong APase secretion ability (Tables 4
and 5). Whether the strong APase secretion ability of
DA1R is one of major mechanisms of its good per-
formance under −P conditions in our pot experiments
(Table 3) needs to be investigated further.

IEF analysis of APase isozymes showed that −P
treatment induced new isozyme in the root samples
of all addition lines, including CS, compared to cor-

responding +P samples. It illustrated that not only the
quantity but also the quality of APases was changed
in response to P deficiency. The new isozyme induced
upon P deficiency treatment might play an important
role in mobilizing organic P into the available form.
The statement needs to be confirmed in further stud-
ies. The fact that the diagram of APase isozyme of
DA1R is identical to that of rye suggested that the
gene(s) encoding for P-starvation-inducible APase in
the genome of rye were located on the 1R chromo-
some. This result is perfectly in agreement with the
APase secretion data. Author’s another pot experiment
(Liu, 1999) proved that Lovrin No. 10, a 1BL/1RS

translocation line (short arm of chromosome 1B of
wheat was substituted by short arm of 1R chromosome
of rye) performed best in both the yield and the APase
secretion under P-deficient conditions among 8 cul-
tivars widely cultivated in different period in Shanxi
province, China. Whether or not the P-deficiency-
resistant traits of line DA1R and Lovrin No. 10 is
closely related to the P-starvation-inducible APase
gene carried on 1R (probably on 1RS) needs to be
confirmed. Hart (1977) located APase genes on 7R
chromosome of rye using seed as extracting mater-
ial. That means genes encoding APase isozymes are
located at least on two different rye chromosomes.
Whether the isozyme encoded by APase gene on 7R
chromosome has other functions in seeds or functions
in resistance to P deficiency is still unclear. The direct
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relationship between APase secretion and P deficiency
resistance should be well established in future.
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