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Acid phosphatase is believed to be important for phosphorus scavenging and remobilization in plants, but its role in plant
adaptation to low phosphorus availability has not been critically evaluated. To address this issue, we compared acid
phosphatase activity (APA) in leaves of common bean (Phaseolus vulgaris) in a phosphorus-inefficient genotype (DOR364),
a phosphorus-efficient genotype (G19833), and their F5 ;, recombinant inbred lines (RILs). Phosphorus deficiency substan-
tially increased leaf APA, but APA was much higher and more responsive to phosphorus availability in DOR364 than in
G19833. Leaf APA segregated in the RILs, with two discrete groups having either high (mean = 1.71 umol/mg protein/min)
or low (0.36 umol/mg protein/min) activity. A chi-square test indicated that the observed difference might be controlled by
a single gene. Non-denaturing protein electrophoresis revealed that there are four visible isoforms responsible for total APA
in common bean, and that the difference in APA between contrasting genotypes could be attributed to the existence of a
single major isoform. Qualitative mapping of the APA trait and quantitative trait loci analysis with molecular markers
indicated that a major gene contributing to APA is located on linkage group B03 of the unified common bean map. This locus
was not associated with loci conferring phosphorus acquisition efficiency or phosphorus use efficiency. RILs contrasting for
APA had similar phosphorus pools in old and young leaves under phosphorus stress, arguing against a role for APA in
phosphorus remobilization. Our results do not support a major role for leaf APA induction in regulating plant adaptation

to phosphorus deficiency.

In natural ecosystems, phosphorus availability is
seldom optimal for plant growth because of limited
phosphorus content in minerals, chemical and bio-
logical reactions that limit phosphorus bioavailability
in soils, and the fact that the phosphorus cycle is
open ended and tends toward depletion (Sample et
al., 1980; Stevenson 1986). Plants exhibit inter- and
intraspecific variation in their ability to grow or yield
at suboptimal phosphorus supply, or “phosphorus
efficiency” (Clark and Duncan, 1991; Lynch and
Beebe, 1995; Lynch, 1998). Phosphorus efficiency
comprises acquisition efficiency, or superior ability
to acquire phosphorus from the environment, and
phosphorus use efficiency (PUE), or superior ability
to convert phosphorus into biomass or yield once it is
acquired (Gerloff and Gabelman, 1983). Phosphorus
acquisition efficiency (PAE) may be achieved
through efficient root morphology and root architec-
ture (Gardner et al., 1981; Barber, 1995; Lynch 1995)
and specific phosphorus-mobilizing root exudates
(Marschner et al., 1987; Ae et al., 1990; Hoffland et al.,
1992), whereas mechanisms for enhanced PUE in-
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clude reduced tissue phosphorus requirement (Fa-
wole et al., 1982; Halsted and Lynch, 1996) and effi-
cient phosphorus remobilization from senescent or
nonproductive tissues to growing or productive tis-
sues (Smith et al., 1990; Snapp and Lynch, 1996).
Acid phosphatase (APase) is believed to be impor-
tant for many physiological processes, including reg-
ulation of phosphorus efficiency (Bieleski, 1973; Duff
et al, 1994). Exuded and internal APase activity
(APA) change in response to phosphorus availability.
Low phosphorus availability increases APase secre-
tion to the rhizosphere in a number of plant species,
including maize (Zea mays; Clark, 1975), tomato (Ly-
copersicon esculentum; Goldstein et al., 1988a, 1988b),
wheat (Triticum aestivum) and clover (Trifolium spp.;
Tarafdar and Jungk, 1987), lupin (Lupinus spp.), rice
(Oryza sativa), and soybean (Glycine max; Tadano et
al., 1993). Secretion of APase under phosphorus
stress has been speculated to liberate phosphorus
from organic sources in the soil (Tarafdar and Claas-
sen, 1988). A positive relation was reported between
root APA and phosphorus uptake from inositol
hexaphosphate in bean (Helal, 1990) and barley (Hor-
deum vulgare; Asmar et al., 1995). However, a nega-
tive relationship was also observed between root
APA and phosphorus uptake by wheat under low
phosphorus stress (McLachlan, 1980). A recent study
found no significant difference in root surface APA
between white clover genotypes with contrasting
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phosphorus efficiency (Hunter and McManus, 1999).
Therefore, the role of secreted APase in plant adap-
tation to low phosphorus availability is unclear.

APA may also be related to PUE in the shoot.
APase participates in various metabolic processes in
plants, and in particular is capable of hydrolyzing
orthophosphate monoesters into more mobile or-
thophosphate anions (Pi; Vincent et al., 1992); there-
fore, APA in leaf tissues is believed to be related to
PUE (Duff et al., 1994). Under phosphorus-limiting
conditions, plants are able to remobilize Pi from met-
abolically less active sites such as old leaves and
vacuoles (Schachtman et al., 1998). Furthermore, con-
sidering leaf senescence is often accelerated under
phosphorus stress (Snapp and Lynch, 1996), it is
reasonable to assume that increased APA may be
involved in phosphorus remobilization from old
leaves to young tissues. However, it has been dem-
onstrated that increased APA in leaves is often asso-
ciated with the severity of phosphorus deficiency
symptoms in the plant (McLachlan et al., 1987); thus,
it remains unclear if enhanced APA is a mechanism
of phosphorus efficiency or merely an indication of
phosphorus deficiency. Because there is generally an
inverse relationship between leaf APA and phospho-
rus concentration in some plants, it has been sug-
gested that leaf APA could be used as a diagnostic
criterion for phosphorus deficiency (Besford, 1980;
McLachlan et al., 1987).

Common bean (Phaseolus vulgaris) is the most im-
portant food legume on earth (Food and Agriculture
Organization, 1991). Common bean originated and
was domesticated in two primary centers of diver-
sity: Middle America and the Andes (Gepts and De-
bouck, 1991). Previous studies indicated that some
bean genotypes of Andean origin have superior
phosphorus efficiency (Yan et al., 1995a, 1995b; Beebe
et al., 1997). In the present paper, we compared a
phosphorus-inefficient genotype of Mesoamerican
origin, DOR364, and a contrasting phosphorus-
efficient genotype of Andean origin, G19833, to-
gether with recombinant inbred lines (RILs) derived
from a cross between them. The objective of this
study was to critically evaluate the relationship of
tissue APA to phosphorus efficiency, employing
bean genotypes that contrast in phosphorus effi-
ciency and also tissue APA.

RESULTS
Genetic Variability for APA

Low phosphorus availability increased leaf APA,
especially in DOR364 (Fig. 1). Total leaf APA was
much greater in DOR364 than in G19833. Leaf age
had no effect on total leaf APA. There was a bimodal
segregation of APA in the RILs, with two discrete
groups having either high (mean = 1.71 umol/mg
protein/min, resembling that of parent DOR364) or
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Figure 1. APA in leaves of common bean genotypes DOR364 (phos-
phorus inefficient) and G19833 (phosphorus efficient) as affected by
phosphorus availability. Young leaves (a) were fully expanded trifo-
liates sampled at 10 d after transplanting and old leaves (b) were at
the same stem position sampled 24 d after transplanting. Each bar
represents the mean and st of four replicates. ANOVA showed that
the effects of genotype, phosphorus availability, and the interaction
of genotype and phosphorus availability were all highly significant at
P < 0.001, but that leaf age did not affect APA.

0 -

low (mean = 0.36 umol/mg protein/min, resembling
that of parent G19833) APA (Fig. 2). The average
difference between the two groups was about 1.5
pwmol/mg protein/min. A chi-square test showed
that the segregation fits a 1:1 ratio (P < 0.05), which
agrees with the hypothesis that the observed differ-
ence might be due to a single gene.

Enzymatic and Molecular Aspects of APA
APase Isoforms

In non-denaturing polyacrylamide gels, at least
four isoforms were detected for both parents (Fig.
3A). Three of the four isoforms were induced by
phosphorus stress, but the activity of the principal
isoform in DOR364 was entirely missing in G19833.
This is consistent with the bulk leaf APA measure-
ment where G19833 had much lower APA than
DOR364 (Fig. 1). Eight RILs representing either high
or low leaf APA were selected for isoform analysis.
The isoformic pattern of the two groups resembled
that of the parents (Fig. 3B). There was also good
consistency between bulk leaf APA and isoform ex-
pression. RILs with a low leaf APA corresponded to
RILs lacking the major isoform. As the leaves aged,
the isoformic pattern of APA was basically un-
changed, although older leaves with the primary
APA isoform from DOR364 tended to have more
activity of this isoform at high phosphorus, possibly
related to senescence processes.

Genetic Analysis of APA

When the locus explaining the bimodal distribu-
tion of leaf APA was mapped as a qualitative marker,
it fell on linkage group B03, between RFLP Bng075
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Figure 2. Frequency distribution for APA in RILs derived from the
cross between DOR364 and G19833. The plants were grown hydro-
ponically at low phosphorus (2 um phosphorus) for 14 d. APA was
determined with p-nitrophenyl phosphate as the substrate. Fvalues of
genotype effect from ANOVA (all RILs): 26 (P < 0.001), low APA
group 2.3 (P < 0.01); and high APA group 1.4 (NS).

and Bng003b, about 20 cM from Bng075. This locus is
identified as LAPA (Fig. 4). When leaf APA was
analyzed by QTL analysis (omitting the qualitative
marker from the analysis), a positive response was
detected over a long segment of B0O3 (Fig. 4). How-
ever, a very sharp peak was observed that coincided
with the same qualitative locus (Fig. 5). A random-
amplified polymorphic DNA marker, F701D, was
mapped very close to the locus and explained 75.5%
of the variability in APA activity in the regression
analysis. Thus, mapping as either a qualitative trait
or as a quantitative trait produced the same results
that were consistent with the Mendelian interpreta-
tion of a single major gene. Another three putative
minor loci were detected on linkage groups B02, B04,
and B10. However, when the respective markers
were analyzed by multiple regression together with
F701D on BO03, variability explained was 76%, which
was the same as that explained by F701D alone. Thus,
the additional loci did not improve the explanation of
variability. Because these QTL were detected at P =
0.05, they may have been false positives. The additive
effects were estimated and the results indicate that
effects contributing to higher APA come from the
parent DOR364 (data not shown).

Relationship between APA and Phosphorus Efficiency

Genetic Variation for PAE and PUE and Their
Relationship to APA

The phosphorus-efficient genotype G19833 had
significantly higher shoot and root dry weight than
DOR364, especially in the low-phosphorus treat-
ments (Table I). The phosphorus-inefficient parent
DOR364 had higher phosphorus concentration at low
phosphorus availability but lower phosphorus con-
centration at high phosphorus availability than
G19833. The parents had similar root phosphorus
concentration. In the RILs, there was continuous vari-
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ation for plant dry weight and phosphorus concen-
trations, showing a quantitative pattern of inheri-
tance for these two traits (data not shown).

PAE and PUE were calculated for the parents and
RILs (Table II). The phosphorus-efficient genotype
G19833 had almost twice the PAE of DOR364 in the
low-phosphorus treatments. At high phosphorus, the
difference in PAE diminished. There was no signifi-
cant difference in PUE between the two parents.
There was no significant correlation of APA with
either PAE or PUE (Table II). The lack of relationship
between APA and PAE or PUE was confirmed by the
results from QTL analysis. Several QTLs were iden-
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Figure 3. APase isoforms in leaves of parental genotypes (A) and
selected RILs (B) grown with low (2 pum) and high (1,000 um) phos-
phorus availability for 10 or 24 d. Leaves were sampled at the same
stem position at the two harvests, meaning that leaves sampled at
10 d after transplanting were at the beginning of their lives, whereas
leaves sampled at 24 d had begun senescence. The isoforms were
visualized in non-denaturing polyacrylamide gel with B-naphthyl
acid phosphate as the substrate. Note that a major inducible band
(arrow) is missing from G19833, the phosphorus-efficient genotype,
and some RILs. RILs with a low leaf APA corresponded to RILs
lacking the major inducible isoform.
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Figure 4. Linkage map of quantitative trait loci (QTLs) showing QTLs conferring APA (vertical bars), PAE (slanted bars), and
PUE (horizontal bar). Symbols on the left are molecular markers. The qualitative locus for leaf APA is identified as LAPA. See
text for detailed description.
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Figure 5. Log of likelihood ratio (LOD) scores for QTL on linkage
group BO3, APA (solid line), PAE (diamonds), and PUE (triangles).

tified at P = 0.05 for PAE and PUE in all linkage
groups (Fig. 4). However, none of these loci coin-
cided with either the major APA locus in linkage
group B03 or with the putative minor loci in B02, B04,
or B10. An apparent overlap of QTLs for PUE, PAE,
and APA is observed on B03 (Fig. 4) but this is an
artifact of the effect of the major locus that is detected
at some distance from the locus per se. QTLs were
also sought for PAE and PUE with data from two
field trials, one at high phosphorus and another at
low phosphorus, and the APA loci were not associ-
ated with PAE or PUE in these trials either (S.E.
Beebe, D. Beck, and F. Mufioz, unpublished data).
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Relationship between APA and Phosphorus Remobilization

Changes in APA and phosphorus concentration
were determined in old, intermediate, and young
leaves of DOR364, G19833, and selected RILs (Figs. 6
and 7). For a given genotype, APA was greatest in the
young leaves and least in the old leaves, regardless of
phosphorus treatment. Under low phosphorus con-
ditions, there was a tendency for APA to decrease as
leaves senesced, especially for the primary (old)
leaves. The primary leaves of all the genotypes were
completely senescent and had fallen off in the low
phosphorus treatment, resulting in zero APA. Al-
though the absolute values of APA were different,
the general pattern of APA was similar among all the
genotypes (Fig. 6).

Phosphorus concentration was also greatest in the
young leaves and least in the old leaves (Fig. 7). It is
interesting that phosphorus concentration was rela-
tively stable in a given leaf tissue and not affected by
leaf senescence. In general, there was no apparent
difference in phosphorus status between genotypes
with contrasting leaf APA; hence, leaf APA did not
appear to be related to phosphorus remobilization in
the plant.

Leaf soluble protein concentration was reduced by
low phosphorus availability, especially in old leaves,
but was not influenced by genotype (Fig. 8). There-
fore, the expression of leaf APA on a soluble protein
basis or a biomass basis does not alter our principal
conclusions about the role of leaf APA in genotypic
differences in phosphorus efficiency.

DISCUSSION

APases in plants are a class of enzymes that display
considerable heterogeneity with regard to their kinet-
ics and functions (Duff et al., 1994). This complexity
may contribute to conflicting reports in the literature
regarding the role of APA in phosphorus nutrition,
depending on the plant species used and the exper-
imental conditions under which the enzyme was
measured (Clark, 1975; McLachlan, 1980; Tarafdar
and Jungk, 1987; Goldstein et al., 1988a, 1988b;
Tadano et al., 1993; Asmar et al., 1995). Even within
a plant species, discrepancy might exist due to dif-
ferent genetic materials employed (Helal, 1990; Fer-
nandez and Ascencio, 1994). Therefore, to under-
stand how APA relates to plant response to
phosphorus stress, it is desirable to have plant mate-
rials similar in general characteristics but contrasting
specifically in APA. In the present study, we em-
ployed two common bean genotypes that contrast in
phosphorus efficiency and APA, and RILs descend-
ing from them. The RILs are especially useful genetic
tools because they segregate for APA and for other
traits, thus permitting observations about cosegrega-
tion of genes for traits of interest, and about relation-
ships among those traits, in genotypes with a com-
mon genetic background.
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Table I. Growth and plant phosphorus concentration of DOR364 (phosphorus inefficient) and G19833 (phosphorus efficient) grown with

varying phosphorus availability

Dry Wt Phosphorus Concentration
Phosphorus Treatment Shoot Root Shoot Root
DOR364 G19833 DOR364 G19833 DOR364 G19833 DOR364 G19833
g plant™’ mg phosphorus g DW~'
0.2 pum Phosphorus? 0.30 (0.02) 0.85(0.05) 0.09 (0.01) 0.23 (0.01) 0.99 (0.12)  0.80 (0.08)  0.33 (0.10) 0.41 (0.08)
2 um P 0.49 (0.04) 1.12(0.09) 0.14(0.02) 0.28 (0.02) 1.30(0.31) 1.01(0.09) 0.41(0.24) 0.51 (0.02)
1,000 um P 1.63 (0.19) 1.98 (0.15) 0.17(0.02) 0.25(0.01) 8.76 (0.30) 10.28 (0.33) 3.00 (0.72) 2.42 (0.10)
F values of ANOVA
P level 47 (p < 0.001) 5.4 (p < 0.05) 883 (p < 0.001) 35 (p < 0.01)
Genotype 87 (p < 0.001) 129 (p < 0.001) 3.3 (p < 0.05) 0.2 (NS)°
Phosphorus X genotype 3.5 (p < 0.05) 0.05 (NS) 9.5 (p < 0.01) 0.7 (NS)

? Plants were grown for 21 d after transplanting into solutions at the indicated availability of phosphorus. Values are mean and st (in

parentheses) of three replicates. NS, Not significant.

We used both a chemical assay (p-nitrophenyl
phosphate method) and isoform electrophoresis
(non-denaturing polyacrylamide gel/B-naphthyl
acid phosphate method) to determine APA in the
parents and RILs. The substrate p-nitrophenyl phos-
phate is soluble and does not detect isoform bands
in gels. Therefore, we used the substrate B-naphthyl
acid phosphate coupled with Fast Black K salt to
visualize APase isoforms. Although there may be
some difference in substrate specificity, the parent
and RILs with reduced p-nitrophenyl phosphate ac-
tivity corresponded directly with the parent and
RILs with reduced activity of one leaf isoform de-
tected with B-naphthyl acid phosphate. The isoform
electrophoresis analysis revealed that there are at
least four isoforms responsible for the APA in the
leaves. This multi-band pattern of APA is in accor-
dance with the results from other plants, such as
wheat (Guthrie et al., 1991), Arabidopsis (Trull et al.,
1997), and white clover (Hunter and McManus,
1999). All these isoforms together might account for
the total APA in the leaves. Of the four isoforms
detected, three are inducible by the low phosphorus
treatment (Fig. 3). In DOR364 and its related RILs,
one of these isoforms has higher activity under both
high and low phosphorus treatments than the cor-

responding isoform in G19833. G19833 and its re-
lated RILs have substantially lower APA than
DOR364. We conclude that the difference in total
APA between the two groups of genotypes may be
attributed to the activity of this isoform. The above
results indicate that although APase isoforms and
total leaf APA differ between DOR364 and G19833
and among the RILs, it does not appear to be related
to phosphorus efficiency. This conclusion is sup-
ported by the lack of significant correlation between
APA, PAE, and PUE (Table III). Furthermore, re-
sults from molecular mapping show that none of the
QTLs conferring PAE and PUE are associated with
those conferring APA (Fig. 4), suggesting that these
traits are independent.

Although the relationship between APA and PAE
or PUE is not reflected at the whole plant level, it is
possible that APA may contribute to phosphorus
remobilization on an individual leaf basis. It has been
suggested that phosphorus remobilization from met-
abolically less active mature or senescent leaves to
young or developing leaves is an important determi-
nant of phosphorus efficiency (Smith et al., 1990). In
fact, substantial remobilization of phosphorus from

Table Il. PAE and PUE of DOR364 (phosphorus inefficient) and G19833 (phosphorus efficient) and their correlation coefficients with leaf APA

PAE PUE
Phosphorus Treatment
DOR364 G19833 RILs DOR364 G19833 RILs
mg phosphorus plant™' g dry wt mg phosphorus™'

0.2 pum Phosphorus® 0.30 (0.05) 0.69 (0.09) - 1.05 (0.15) 1.27 (0.13) -
2 um Phosphorus 0.62 (0.09) 1.15(0.18) 0.74 (0.23) 0.85 (0.16) 1.01 (0.10) 1.03 (0.20)
1,000 um Phosphorus 14.23 (1.67) 20.33 (1.33) - 0.12 (0.00) 0.10 (0.00) -
F values of ANOVA for parents

Phosphorus level 239 (p < 0.001) 49 (p < 0.001)

Genotype 11 (p < 0.01) 1.8 (NS)P

Phosphorus X genotype 6.9 (p < 0.01) 0.6 (NS)
Correlation coefficient (r) with APA® —0.1538 (NS) —0.0885 (NS)

 Plants were grown for 21 d after transplanting into nutrient solutions with the indicated availability of phosphorus. Values are mean and st

(in parentheses) of three replicates. PNS, Not significant.

 The total no. of observations (parents and RILs) is 88.
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Figure 6. Chronological changes in APA in
young (the first half-expanded trifoliate from the
apical meristem), intermediate (fully expanded

trifoliates), and old leaf (primary leaf) tissues of
the two parental genotypes and related RILs.
Plants were grown in nutrient solutions with low
(2 um) and high (1,000 pum) phosphorus avail-
ability. Each point represents the mean and st of
three replicates. Note that the scale of the fig-

ures is different between the upper and lower
groups. F values from ANOVA: genotype 479
(P < 0.001), phosphorus level 73 (P < 0.001),
leaf type 30 (P < 0.001), harvest 14 (P < 0.001),
and genotype X phosphorus level X leaf type
5.6 (P < 0.001).
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leaves and stems to reproductive tissues has been
observed late in ontogeny in many plant species,
including wheat (Frank et al., 1989), soybean (Han-
way and Weber, 1971), and common bean (Snapp
and Lynch, 1996). However, relatively less informa-
tion is available for phosphorus remobilization at
early growth stages and its relation to APA. To test
whether plants with different leaf APA have differ-
ent abilities to remobilize phosphorus from older
leaves, we monitored chronological changes in APA
and phosphorus pools in old, intermediate, and
young leaves of DOR364, G19833, and selected RILs
with contrasting APA. Our results did not indicate
any relationship between APA and phosphorus sta-
tus in different leaves (Figs. 6 and 7), suggesting that
leaf APA is not related to net phosphorus remobili-
zation in these genotypes.

In conclusion, our results do not support a major
role for leaf APA as an adaptive response to low
phosphorus availability in common bean. Despite
theoretical justification for such a role, and the fact
that it is generally up-regulated in phosphorus-
deficient plants, comparison of RILs segregating for
APA showed no relationship of APA and PAE or

Low P: —®—Young leaves —A— Intermediate leaves —8— Old leaves
High P: O Young leaves ~A™ Intermediate leaves 0O Old leaves

PUE. Does APase have some importance that we
could not discern under our experimental conditions,
or is its regulation by phosphorus availability merely
an evolutionary relic from microbial phosphorus re-
sponse systems (Tarafdar and Claassen, 1988)? These
questions remain unanswered and deserve further
investigation.

MATERIALS AND METHODS
Plant Material

Two genotypes contrasting in vegetative and grain yield
under phosphorus-deficient conditions were used:
DOR364 and G19833. DOR364 pertains to race M of the
Mesoamerican gene pool (Singh et al., 1991), and is a
high-yielding bred cultivar developed in Central America.
During its development, DOR364 was selected under rela-
tively fertile conditions. Under severely phosphorus-
limiting conditions, DOR364 yields poorly (Centro Interna-
cional de Agricultura Tropical [CIAT], 1996). G19833 is a
Peruvian landrace of the Andean gene pool (Singh et al.,
1991). G19833 is relatively well adapted under phosphorus-

Figure 7. Chronological changes in phosphorus
concentration in young (the first half-expanded

DOR364

RIL 15

....
e

trifoliate from the apical meristem), intermediate
(fully expanded trifoliates), and old (primary
leaf) leaf tissues of the two parental genotypes
and related RILs. Plants were grown in nutrient
solutions with low (2 um) and high (1,000 um)
phosphorus availability. Each point represents

RIL 19

(mg P/g DW)

—_
T oo

Phosphorus concentration
=

wh

(=]

the mean and st of three replicates. F values
from ANOVA: genotype 506 (P < 0.001), phos-
phorus level 21 (P < 0.001), leaf type 202 (P <
0.001), harvest 0.22 (NS), and genotype X phos-
phorus level X leaf type 3.3 (P < 0.001).

Days after transplanting
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Figure 8. Soluble protein content of leaves of

M Lowr [] High P

common bean genotypes at low and high phos- g 4
phorus availability. Plants were grown hydro- ‘:n
ponically at low (2 pm) and high (1,000 pm) & 0l
phosphorus availability for 10 or 24 d. Leaves »Ef

were sampled at the same stem position at the g 1
two harvests, meaning that leaves sampled at § 2018
10 d after transplanting were at the beginning of &

their lives, whereas leaves sampled at 24 d had 2

begun senescence. Each point represents the & 10
mean and st of three replicates. F values from =
ANOVA: genotype 0.8 (NS), phosphorus level =

59 (P < 0.0001), leaf age 8.9 (P = 0.0037), and w gl
genotype X phosphorus level 0.74 (NS). R -

New Old New Old  New Ol New Old New Old New 0Old New Old New Old New Old

DOR364 G19833 RIL15 RIL19 RIL81 RIL55 RIL45 RIL58 RIL42 RIL60

limited conditions, yielding nearly twice that of check va-
rieties under severe phosphorus stress (Yan et al., 1995a,
1995b; CIAT, 1996). These two genotypes were crossed and
the progenies advanced by single seed descent to the Fy
generation, then advanced by mass selection within each
family to F,, RILs (F5,4 RILs).

Plant Growth Conditions

Seeds of two parents and 86 F5,, RILs were surface
sterilized for 1 min in 10% (w/v) NaOCl before germina-
tion. Seeds were germinated in 0.5 mm CaSO4 in darkness
at 25°C. After 7 d, seedlings were transplanted into 100-L
tanks with a nutrient solution composed of: 4.5 mm KNO;,
1.2 mm NH,NOj;, 3.6 mm Ca(NO;),, 3.0 mm MgSO,, 1.2 mm
K,SO, 1.2 mm (NH,),SO,, 30 um Fe-EDTA, 4.5 um MnSO,,
45 puMm ZnSO,, 1.5 um CuSO,, 1.5 um H;BO;, and 0.4 um
NH,Mo,0,, The parental materials were treated with
three phosphorus levels (0.2 um, 2 uM, and 1,000 uM phos-
phorus as KH,PO,), whereas the RILs were treated with
one low phosphorus level (2 um phosphorus). For more
detailed studies, eight contrasting RILs, four having high
APA and four having low APA, were grown under high
(1,000 u™m, KH,PO,) and low (2 um KH,PO,) phosphorus
conditions. For the low phosphorus (0.2 pum and 2 pm)
treatments, a solid phase buffer (phosphorus adsorbed
onto alumina) was used to maintain realistically low con-
centrations of phosphorus (Lynch et al., 1990). The solution
was well aerated and the pH was maintained between 5.8
and 6.0 with daily additions of 1.0 m KOH or HCI. Plants
were grown in a greenhouse with an average temperature
of 29°C/20°C (day/night), relative humidity 48%/83%
(day/night), and average daytime photosynthetically ac-

tive radiation between 500 and 1,000 umol m~2 s~ *.

Determination of APA in Leaf Tissue

About 0.1 to 0.2 g of fresh tissue was taken from fully
expanded leaves at 10 or 24 d after transplanting. Leaves
sampled at 10 d were the only fully expanded trifoliate
leaves; at 24 d, leaves of the same position were sampled,
i.e. the oldest trifoliate leaf was sampled. Fresh samples
were frozen in liquid nitrogen, ground in a cold mortar,
and macerated in 5 mL of 0.2 M sodium acetate-acetic acid
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buffer (pH 5.8). The extract was then centrifuged at 27,000g
for 10 min at 4°C. A 50-uL portion of the supernatant
was added to 450 uL of buffer and used for assay of APA.
Phosphatase activities were assayed using p-nitrophenyl-
phosphate as substrate (McLachlan et al., 1987), and phos-
phatase activity was expressed per unit of soluble protein.
Results expressed per unit tissue fresh weight gave quali-
tatively the same conclusions (data not shown).

Determination of Soluble Protein in Leaf Tissues

Fresh tissue was quickly frozen in liquid nitrogen,
ground in a cold mortar, and macerated in 1.0 mL 100 mm
Tris buffer (pH 8.0). The extract was then centrifuged at
27,000¢ for 10 min at 4°C. The soluble protein content was
measured by the method of Bradford (1976).

Detection of APase Isoforms

In separate experiments with similar growth conditions,
leaves were harvested from the parents and eight selected
RILs under high (1,000 um) and low (2 um) phosphorus
conditions. Proteins were isolated from the tissue as de-
scribed by Aarts et al. (1991). Protein extracts (10 nL each)
were separated by non-denaturing polyacrylamide gel (8%
[w/v]) electrophoresis at 4°C. The gels were rinsed twice in
50 mm sodium acetate (pH 5.5) with 10 mm MgCl, and
stained with Fast Black K salt and B-naphthyl acid phos-
phate as previously described (Trull et al., 1997; Trull and
Deikman, 1998). A different substrate was used for staining
the gels because p-nitrophenyl phosphate is soluble and
does not detect bands on a gel. Duplicate denaturing gels
were stained with silver nitrate (Morrissey, 1981) to verify
that loading in each lane was comparable (data not shown).

Molecular Mapping of APA

DNA was extracted from the parental genotypes and
progenies by a modification of the method of Dellaporta
(Dellaporta et al., 1983; Vallejos et al.,, 1992) and was
screened with 101 probes in combination with six enzymes
(BamHI, Dral, HindIll, EcoRI, EcoRV, and Xba) to detect
polymorphisms using Southern blots. Fifty-six probes were
chosen to create a framework map covering most of the
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genome at an approximately 20-cM distance between
RFLPs, based on published maps. These probes were ana-
lyzed on the 86 RILs (Beebe et al., 1998). In addition, 40
AFLP markers were generated on the RILs using two
primer combinations that produce abundant bands in com-
mon bean (Phaseolus vulgaris; Tohme et al., 1996). Single
copy amplified repeat sequences reported in the literature
were used as primers to amplify another seven bands.
Finally, 242 random-amplified polymorphic DNAs were
generated using 34 primers from Operon Corporation (Al-
ameda, CA). A total of 318 markers were used to create the
final map after unlinked markers were eliminated, using
the Mapmaker program (Whitehead Institute, Cambridge,
MA; Lander et al., 1987; Freyre et al., 1998). Markers were
first mapped at LOD 6 to create a framework map, and
remaining markers were placed individually at succes-
sively lower LOD scores down to LOD 2 using the Assign,
Place, and Ripple functions. QTL analysis to detect loci
associated with APA was carried out using the Q-Gene
program (Nelson, 1997). In addition, a locus for a major
gene for APA was mapped as an individual marker, based
on bimodal segregation.

Determination of Relationship between APA and
Phosphorus Efficiency

Three replicates of the parents and RILs were grown in
the greenhouse to 21 d after transplanting, when plant dry
weight was taken and phosphorus content analyzed. PAE
was calculated as the total amount of phosphorus in the
plant (mg phosphorus/plant) and PUE was calculated as
the plant dry weight produced per unit of phosphorus (g
dry weight/mg phosphorus).

Pearson linear correlation was used to analyze the rela-
tionship between PAE or PUE and APA with data from
both the parents and the RILs. In addition, QTLs for PAE
and PUE were detected and analyzed as described previ-
ously to determine their molecular linkage with APA.

In a separate experiment, plants were grown in the
greenhouse with similar growth conditions (three repli-
cates) as described above. Plants were harvested at 10, 17,
and 24 d after transplanting. Leaf samples from old (initial
trifoliate leaves to appear), intermediate (fully expanded
trifoliates), and young (the most recent set of trifoliates to
have reached about 50% of full expansion) leaves were
collected for analysis of APA and phosphorus contents.

Statistical Analyses

Data were analyzed by ANOVA in SYSTAT (Wilkinson
et al., 1992). Regression statistics were obtained from Pear-
son linear correlation, which was used to analyze the rela-
tionship between APA and PAE or PUE. APA and phos-
phorus concentration in the remobilization experiment
were analyzed by repeated measures of ANOVA with har-
vest time as a within factor. Univariate sums of squares
were derived from the orthogonal components used in the
multivariate calculations. The univariate F statistics pre-
sented here were all in agreement with multivariate F
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statistics (Wilk’s Lambda, Pillai Trace, and Hotelling-
Lawly Trace; Wilkinson et al., 1992).
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