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Abstract
Using thin-layer chromatography, 16 bacterial isolates from root nodules of 8 different Psora lea species were quantitatively
assessed for their exudation of the metabolites lumichrome, riboflavin and IAA in response to pH, salinity and temperature.
Our data showed that the bacterial strains tested differed in their levels of secretion of the three metabolites. For example,
strain AS2 produced significantly greater amounts of lumichrome at both pH 5.1 and 8.1, while strains RTl and PI
produced more lumichrome per cell at only pH 8.1. Strains API and RP2 also produced more riboflavin at pH 5.1 than at pH
8.1; conversely strain RTl secreted more riboflavin at pH 8.1 than at pH 5.1. Two P. repens strains (RPI and RP2) isolated
from very saline environments close to the Indian Ocean produced significant levels of lumichrome and riboflavin at both
low and high salinity treatments. However, strains ACI and Ll (from P. aculeata and P. laxa) even produced greater
amounts of lumichrome and riboflavin at higher salinity (i.e. 34.2 mM NaCl) and probably originated from naturally saline
soils. In this study, high acidity and high temperature induced the synthesis and release of high levels of IAA by bacterial
cells. In contrast, there was greater strain secretion of lumichrome at lower temperature (10°C) than at high temperature
(30°C). The variations in the secretion of lumichrome, riboflavin and IAA by bacterial strains exposed to different pH,
salinity and temperature regimes suggest that genes encoding these metabolites are regulated differently by the imposed
environmental factors. The data from this study also suggest that natural changes of pH, salinity and/or temperature in plant
rhizospheres could potentially elevate the concentrations of lumichrome, riboflavin and IAA in soils. An accumulation of
these molecules in the rhizosphere would have consequences for ecosystem functioning as both lumichrome and riboflavin
have been reported to act as developmental signals that affect species in all three plant, animal, and microbial kingdoms.
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1. Introduction
Most members of the tribe Psoraleae (Leguminosae) are
found in the Cape Floristic Region of South Africa called
the fynbos. The soils of the fynbos are typically low in pH
and poor in nutrients, especially N and P. The Psora lea
species generally occur in a wide range of environments
within the fynbos, which include well drained upland soils,
wetlands, and saline patches close to the Indian Ocean.
More specifically, species such as Psoralea repens (L.)
naturally grow in sandy beach soils associated with saline
*The author to whom correspondence should be sent.

mist. It would be interesting to know the mechanism of
adaptation of both P. repens plant and the microsymbiont to
the salinity of their environment. Similarly, Psoralea
pinnata (L.) plants naturally occur in dry well-drained soils
on mountain tops and slopes, as well as in waterlogged,
marshy wetlands of the Cape fynbos. How species of the
same genus can adapt to such diverse environments,
remains an ecological puzzle. Several studies (de long et
aI., 1993; Phillips et aI., 1999; Zhang and Smith, 2001;
Matiru and Dakora, 2005a,b) have shown that legumes and
their root-nodule bacteria are capable of producing various
metabolites that alter rhizosphere processes for plant
growth and symbiotic establishment. For example, root-
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nodule bacteria produce vitamins and amino acids for cell
growth (Rodelas et aI., 1993; Sierra et aI., 1999; Yang et aI.,
2002) and for influencing developmental processes in
plants (Capenter, 1943). Riboflavin and biotin are vitamins
that are produced and used for cell growth by bacteria, with
biotin being functionally implicated in membrane formation
(Streit et aI., 1996). Most rhizosphere microbes, including
rhizobia, are also known to produce indole acetic acid, lAA
(Ghosh and Basu, 2006; Barazani and Friedman, 1999), a
molecule that elicits root initiation, root cell division, root
cell enlargement and nodule formation in legumes (Verma
et aI., 1992). IAA produced by rhizobia is also reported to
increase root length and hence root surface area, which
enhances plant access to soil water and nutrients (Matiru et
aI., 2005; Vessey, 2003). It has also been suggested that
microbial signal molecules in soil indirectly promote plant
growth via an increase in nutrient availability and uptake
into the transpirational stream (Dakora, 2004).
Lumichrome (7, 8, dimethylalloxazine) is a novel
multitrophic signal molecule produced by both rhizobia and
plants that affects many rhizosphere functions (Phillips et
aI., 2003). Lumichrome and riboflavin are known to act as
enhancers of root respiration, thus increasing the
concentration of rhizosphere CO2 (Phillips et al., 1999),
which is needed for growth of N2-fixing rhizobia (Lowe
and Evans, 1962) and mycorrhizal fungi in rhizosphere
soils (Becard et aI., 1992). Recent evidence also indicates
that the application of biologically-active levels of
lumichrome altered plant development through changes in
photosynthetic rates, leaf stomatal conductance and
transpiration in several plant species (Matiru and Dakora,
2005a,b). More recently, Khan et al. (2008) have shown
that foliar application of lumichrome can enhance
photosynthetic rates and increase plant growth in soybean
and corn. In addition to its effect on plants, lumichrome is
also reported to affect insect and microbial metabolism. The
growth of different Bacillus subtilis strains was, for
example, inhibited by lumichrome (Bresler et aI., 1975). As
a molecule, lumichrome was also found to be an active
natural inducer of larval metamorphosis in Halocynthia
roretzi (Tsukamoto et aI., 1999), and a mediator in the
binding of receptor molecules to storage proteins in
Sarcophaga peregrine larvae (Ueno and Natori, 1984).
Because soil acidity can limit both the survival and
persistence of root-nodule bacteria, and thus inhibit nodule
formation in legumes (Graham and Vance, 2000),
nodulating plants are known to alter their rhizosphere
environment through changes in pH and exudation of
metabolites where soil conditions are harsh. With
Aspalathus linearis (Rooibos tea) plants, which naturally
grow in low pH soils, for example, root extrusion of
hydroxyl ions COH) was found to decrease soil acidity from
pH 3 to 5, and thus enhance rhizobial survival, nutrient
availability and symbiotic establishment (Mouthe and
Dakora, 1998). Microbial products from Pseudomonas

bacteria and Fusarium fungi have also been found to
significantly enhance the exudation of amino acids by
alfalfa, maize and wheat (Phillips et aI., 2004). While this
microbially regulated secretion of amino acids by plants
may serve the purpose of meeting the N requirements of
rhizosphere microflora, it is possible that these metabolites
also indirectly influence plant developmental processes
towards increased growth. We also know that soil acidity
can limit both the survival and persistence of root-nodule
bacteria, and thus inhibit nodule formation in legumes
(Graham and Vance, 2000). A recent study (Moron et aI.,
2005) has shown that apigenin-induced Rhizobium tropici
CIAT899 growing under acidic conditions produced 52
Nod factors, while at neutral pH the bacteria produced 28
different Nod factors with only 15 common to both
conditions. It was speculated that the large number of Nod
factors produced probably served to minimize the adverse
effects of acidity and/or protect Nod factor stability (Moron
et aI., 2005). Studies on the effects of pH shifts on the
growth of Escherichia coli cells have revealed that cell
division is easily affected by changes in extracellular pH
via alteration in cell membrane potential (Zilberstein et aI.,
1984). This suggests that cell division is a pH-sensitive step
during cell growth. As with acidity, soil temperature also
negatively affects the survival of root-nodule bacteria
(Bowen and Kennedy, 1959; Danso, 1977), as well as their
ability to nodulate host plants (Piha and Munns, 1987;
Munevar and Wollum, 1981). High salt concentrations can
also significantly reduce growth of symbiotic rhizobia
(Payakapong et aI., 2006; Zahran, 1999). So far, however,
little is known about the microsymbionts of Psora lea
species, and how they cope with pH, salinity and/or
temperature in their native environments. Bacteria isolated
from root nodules of Psoralea species showed considerable
differences in their secretion of lumichrome into culture
filtrate (Kanu et aI., 2007). It was however not assessed
whether environmental factors such pH and temperature
affect the biosynthesis and secretion of lumichrome. The
aim of this study was to determine the effects of pH,
salinity and temperature on the synthesis and release of
lumichrome, riboflavin and indole acetic acid, which
individually affect plant growth and adaptation to the
environment.

2. Materials and Methods
Bacterial strains

In all, 16 bacterial strains isolated from root nodules of
eight Psoralea species (namely Psoralea laxa (Ll and L2),
P. aphy//a (API and AP2), P. asarina (ASI and AS2),
P. repens (RPI and RP2), P. pinnata (PI and P2),
P. monophy//a (Ml and M2), P. aculeata (ACI and AC2)
and P. restioides (RTJ and RT2) were used in this study.
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Preparation of bacterial growth media, extraction and
quantification oflumichrome and riboflavin
Bacterial broth cultures were prepared as described by
Phillips et al. (1999) for quantifying lumichrome and
riboflavin released by Sinorhizobium meliloti. Broth culture
solutions were maintained at two pH levels (pH 5.1 and pH
8.1), or two salt concentrations (6.8 mM and 34.2 mM
NaCl). These broth solutions were autoclaved at 121°C for
15 min, and cooled to room temperature. Each broth
medium was then inoculated with different bacterial strains
isolated from Psoralea species and incubated at 30°C. In all
experiments, 4 replicate broth cultures were used for each
strain. For the temperature response experiments, broth
cultures were prepared as described by Phillips et al.
(1999), inoculated with the different strains and incubated
at either 10°C or 30°C with continuous shaking in the dark
for 7 d to reach stationary phase. The extraction and
quantification of lumichrome and riboflavin from culture
filtrate was done as described by Kanu et al. (2007). For the
identification of lumichrome and riboflavin, purified
standard chemicals of the two metabolites were included
alongside the culture filtrates, and ran on the silica gel, as
described by Phillips et al. (1999).
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colonies per plate was counted and an average determined
for the duplicate plates, and again for the duplicate dilution
series. Those plates containing 30 to 300, colonies were
used to determine the number of viable bacteria in the
original broth. The average plate counts were each
multiplied by their dilution factor and by the reciprocal of
the volume plated. An average of these series of estimates
was taken as the total number of cells per ml of the original
broth.
Bioassay for indole acetic acid in bacterial culture filtrates
The culture filtrates of 16 bacterial strains were used to
assay for IAA production in response to pH and
temperature only. Cell counts were however not done for
the release of this metabolite. The colorimetric method of
Gordon and Weber (1951) was used in this study. The
cultures were grown in the dark for 7 d, centrifuged at
15,000 x g for 10 min, and IAA measured colorimetrically
at 530 nm after 25 min, following the addition of two parts
of 0.01 M FeCI3 in 35% HCl0 4 to one part supernatant. The
recorded absorbances were read off a standard curve
prepared from pure indole acetic acid. Three separate
assays were performed, and their average used for
estimating IAA formation.

Bacterial count in broth cultures
Statistical analysis
In order to be able to express metabolite release on a
per-cell basis, cell counts were done for the pH and salinity
experiments only. The number of viable bacterial cells
(CFUs) in each broth culture was estimated using the Plate
Count method (Vincent, 1970). The technique estimates the
viable cell density in each broth culture by counting the
number of colonies formed on yeast mannitol agar (YMA)
plates streaked with serial dilutions of the bacterial broth
culture. The method assumes that the growth of a colony on
an YMA plate represents a single cell in the original broth
culture. Duplicate plates of each dilution series, done also
in duplicates, were carried out for each broth culture count
as described by Vincent (1970). Eight screw-capped
McCartney bottles were prepared, each containing 9 ml
saline solution (0.85% NaCI). The bottles were sterilized by
autoclaving at l20°C for 20 min and allowed to cool in a
laminar-flow hood. The broth culture was agitated and 1 ml
transferred to the first bottle using a sterile pipette. The
solution (10- 1 dilution) was thoroughly mixed using a
vortex mixer and 1 ml transferred to the second bottle using
a new sterile pipette, giving a 10-2 dilution. The procedure
was repeated for all bottles, producing serial dilutions to
10-8 . Dilution bottles 10-3 to 10-8 were each agitated and
0.1 ml aliquots transferred to duplicate YMA plates. Each
solution was spread evenly over the surface of the, agar
plates using a sterile glass rod bent into an L-s~~~..~
.
.
d aLI\r"suCuntil
YMA plates were Inverted
and Incubate
;:}'."JO'rtli
typical colonies were 1-3 mm in diameter. The 1lUDJ,~f;f:pf

A comparison of the amounts and rates of lumichrome
and riboflavin released per cell by bacteria in response to
pH and salinity were statistical analyzed using the one-way
ANOVA (Statistica 2007 software). Similar statistical
analysis was done for IAA, lumichrome and riboflavin
concentrations expressed on a per-ml basis. Where two
levels of pH, salinity and temperature treatments were used,
the data were analyzed using a two-way ANOVA.

3. Results
Effects ofpH on the release of lumichrome and riboflavin
by bacterial isolates from root nodules ofPsoralea species
A one-way ANOVA analysis with Duncan test revealed
significant (P::;0.05) differences in the release of
lumichrome and riboflavin by bacterial cells in response to
pH (Table 1). Whether at pH 5.1 or pH 8.1, the 16 bacterial
isolates differed markedly in their response to acidity. At
pH 5.1, bacterial isolate AS2 from P. asarina and RP2 from
P. repens showed higher levels of lumichrome in culture
filtrate with 135- and 121-fold greater production of
lumichrome compared to strain RPI from P. repens, which
released the least amount of lumichrome per cell (Table 1).
Similarly, at pH 5.1, bacterial isolates AS2 and RP2
produced 97- and 87-fold more lumichrome than strain L2
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Table 1. Effect of pH on the amounts of lumichrome and riboflavin produced by bacterial isolates from root nodules of eight Psoralea
species; namely Psoralea laxa (Ll & L2), P aphylla (API & AP2), P asarina (ASI & AS2), P repens (RPI & RP2), P pinnata (PI &
P2), P monophlla (Ml & M2), P aculeata (ACI & AC2), and P restioides (RTl & RT2).

Bacterial isolate

Host plant

Lumichrome released (ng CFU- 1 x 108 )
pH 8.1
pH 5.1

Ll
L2
API
AP2
ASI
AS2
RPI
RP2
PI
P2
Ml
M2
ACI
AC2
RTl
RT2

Plaxa
Plaxa
P aphylla
P aphylla
P. asarina
P. asarina
P. repens
P repens
P pinnata
P. pinnata
P monophylla
P monophylla
P aculeata
P aculeata
P restioides
P restioides

2.9 ± 0.19Ab
0.7 ±0.3Ab
22.1 ± 5.2Ab
48.7 ± 19.0Ab
17.8±4.8Ab
67.7 ± 24.4Ba
0.5 ± 0.03Ab
60.7 ± 22.9Aa
37.1 ± 17.2Ab
12.7 ± 8.1Ab
4.1 ± 0.9Ab
1.3 ± O.4Ab
14.7 ± 1.8Ab
32.1±9.1Ab
19.1 ± 1.4Bb
27.0 ±4.9Ab

0.1 ±O.IAb
30.1 ± 1.6Ab
28.0± 0.3Ab
9.5 ± 0.9Ab
34.1 ± 3.2Ab
246.6 ± 2.4Aa
42.2 ±4.3Ab
1.7 ± 0.3Ab
140.7 ± 1O.6Aa
4.5 ± I.4Ab
10.0±0.2Ab
28.1 ± 2.4Ab
11.1±0.IAb
6.2 ±0.5Ab
210.3 ± 0.3Aa
53.7 ± 0.5Ab

Riboflavin released (ng CFU- 1 x 108 )
pH 8.1
pH 5.1
39.6 ± 13.2Ab
26.5 ± 5.5Ab
1053.3 ± 312.2Aa
280.4 ± 76.1Ab
185.6 ± 44.1Ab
630.9 ± 336.0Ab
5.7 ± 0.9Ab
856.1 ± 283.1Aa
278.2 ± 114.9Ab
398.2 ± 216.4Ab
53.2 ± 8.Ab
7.3 ±2.2Ab
159.2 ± 41.4Ab
450.7 ± 1l0.7Ab
325.5 ± 31.1Bb
220.7 ± 107.3Ab

1.4 ± 0.9Ab
237.1± 94.4Ab
143.4 ± 100.3Bb
90.9± 8.9Ab
202.3 ± 61.5Ab
254.9 ± 30.9Ab
285.5 ± 21.7Ab
12.4 ± 0.9Bb
430.7 ± 184.1Ab
46.4 ± 19.6Ab
44.2 ±6.9Ab
154.9 ± 94.8Ab
89.5 ± 8.8Ab
60.7 ± 22.9Bb
1051.1 ± 190.2Aa
300.6 ± 172.1Ab

Values (Mean ± SE) followed by dissimilar letters (in upper case) within a row for lumichrome or riboflavin are significantly different at
P<0.05. Values (Mean ± SE) followed by dissimilar letters (in lower case) within a column for each pH level are significantly different at
P<0.05.

Table 2. Effect of salinity on the amounts of lumichrome and riboflavin produced by bacterial isolates from root nodules of eight Psoralea
species; namely Psoralea laxa (Ll & L2), P aphylla (API & AP2), P. asarina (ASI & AS2), P repens (RPI & RP2), P pinnata (PI &
P2), P monophlla (Ml & M2), P aculeata (ACI & AC2), and P restioides (RTl & RT2).

Bacterial isolate

Host plant

Lumichrome (ng CFU- 1 x 108 )
6.8mM
34.2mM

Ll
L2
API
AP2
ASI
AS2
RPI
RP2
PI
P2
Ml
M2
ACI
AC2
RTl
RT2

Plaxa
P.laxa
P aphylla
P. aphylla
P. asarina
P. asarina
P repens
P repens
P pinnata
P pinnata
P monophylla
P monophylla
P aculeata
P aculeata
P restioides
P restioides

4.6±0.3Bb
0.5 ±O.OAb
1.2 ± O.IAb
7.8± O.6Ab
1.1 ± O.IAb
11.1 ± 1.2Bb
16.9 ± I.5Bb
15.2 ± l.5Ab
0.7 ±O.OAb
0.7 ±O.OAb
16.1 ± l.5Ab
5.0 ± O.4Ab
21.7 ± 1.8Ba
10.0 ± 1.0Ab
22.8 ± 1.2Aa
3.5 ± 0.2Ab

30.9 ± 2.1Aa
2.5 ±0.2Ab
2.6 ±0.2Ab
4.6 ± O.4Ab
2.0± 0.2Ab
25.2 ±2.0Aa
25.2 ±2.2Aa
15.3 ± l.3Ab
0.9 ±O.OAb
1.6 ± O.1Ab
1.7 ± O.IBb
9.0±4.1Ab
33.9 ± 3.3Aa
4.2 ± O.4Ab
18.7 ± 1.7Ab
6.1 ± 0.5Ab

Riboflavin (ng CFU- 1 x 108 )
34.2 mM
6.8mM
23.6 ± 2.1Bb
2.4 ± 0.2Bb
9.4±0.7Ab
16.9 ± l.5Ab
4.8± 0.3Ab
53.5 ± 5.1Ab
97.8 ± 8.8Aa
95.1 ± 9.3Aa
3.3 ±0.2Ab
5.0 ± O.4Ab
45.3 ± 3.7Ab
27.8 ± 2.6Ab
146.4 ± 12.6Ba
56.4± 3.9Ab
104.3 ± IO.4Aa
16.5 ± l.5Ab

147.1 ± 12.6Aa
10.8 ± 5.9Ab
9.1 ± 5.3Ab
19.5 ± l.5Ab
9.6± 0.9Ab
45.4 ± 3.6Ab
131.9± I1.7Aa
70.1 ± 6.2Ab
3.3 ± 0.2Ab
7.3 ± O.4Ab
6.5 ± O.6Ab
30.5 ± 3.0Ab
203.4 ± 19.8Aa
23.8 ± 2.lBb
101.7 ± 9.3Aa
30.6 ± 1.6Ab

Values (Mean ± SE) followed by dissimilar letters (in upper case) within a row for lumichrome or riboflavin are significantly different at
P<0.05. Values (Mean ± SE) followed by dissimilar letters (in lower case) within a column for each salinity level are significantly
different at P<0.05.

from P laxa, the second lowest producer of lumichrome
(Table I). Even at pH 8.1, strains AS2 and RP2 were still
the leading producers of lumichrome together with strain
RTl from P. restioides.

However,

at pH 5.1, bacterial strains AP 1 from

P. aphylla and RP2 from P. repens showed the highest
levels of riboflavin in culture compared to the other isolates
(Table 1). At the higher pH 8.1, strain RTl from
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Table 3. Effect of temperature on the amounts of lumichrome and riboflavin produced by bacterial isolates from root nodules of eight
Psoralea species; namely Psoralea laxa (Ll & L2), P. aphy//a (API & AP2), P. asarina (ASI & AS2), P. repens (RPI & RP2), P. pinnata
(PI & P2), P. monoph//a (MI & M2), P. aculeata (ACI & AC2), and P. restioides (RT! & RT2).

Bacterial isolate

Host plant

Ll
L2
API
AP2
ASI
AS2
RPI
RP2
PI
P2
MI
M2
ACI
AC2
RT!
RT2

P.laxa
P.laxa
P. aphy//a
P. aphy//a
P. asarina
P. asarina
P. repens
P. repens
P. pinnata
P. pinnata
P. monophy//a
P. monophy//a
P. aculeata
P. aculeata
P. restioides
P. restioides

Riboflavin (ng ml- I )
10°C

Lumichrome (ng ml")
10°C
30°C
4.1 ± 0.8Aa
5.9 ± \.8Aa
2.8 ±0.8Aa
304 ± O.6Aa
3.5 ± OAAa
4.0 ± 0.7Aa
4.7 ± \.OAa
4.5 ± 0.2Aa
5.2 ± 0.5Aa
604 ± 1.2Ba
3.6 ±0.5Aa
304 ± OAAa
5.1 ± 0.3Aa
3.5 ±0.7Aa
304 ± 0.5Aa
404 ± I.5Aa

4.9 ± OJAbc
5.1 ± OAAbc
6.1 ± 0.5Abc
5.1 ± 0.7Abc
5.0 ± 0.8Abc
5.2 ±0.5Abc
4.5 ± OJAbc
2.6 ± O.5Ac
5.5 ± 0.5Abc
11.3 ± 5AAa
404 ± OAAbc
7.0±0.9Abc
503 ± 0.3Abc
6.5 ± 0.5Abc
5.6±0.7Abc
5.8 ±0.6Abc

14.7 ± 0.9Abcd
17.3 ± 2.8Abcd
15.6±2.IAbcd
15.5 ± I.5Abcd
15.5 ± \.8Abcd
13.9 ± 2.2Abcd
13.6 ± \.4Abcd
7.5 ± I.5Bd
17.5 ± l.lAbcd
30.8 ± 1O.9Aa
9.8 ± OABcd
18.7 ± \.9Abc
18.5 ± \.9Abc
25.1 ±3.3Aab
23.9 ± \.8Aab
20.7 ± 3.5Ab

30°C
10.9 ± I.3Ad
18.2 ± 4.2Aa-d
9.7 ± 2.7Bd
19.3 ±4JAa-d
13.2 ± \.8Acd
16.8 ± 2.2Ab-d
1904 ± 2.2Aa-c
27.7 ± \.OAa
1603 ± I.3Ab-d
18.6 ± 3.9Ba-d
20.3 ± 2.5Aa-c
13.7 ± 3.2Ab-d
17.1 ± \.9Ab-d
13.3 ± OJBcd
24.1 ± 4AAab
21.5 ± 6.5Aa-c

Values (Mean ± SE) followed by dissimilar letters (in lower case) within a column are significantly different at P<0.05; and values (Mean
± SE) followed by dissimilar letters (in upper case) within a row for each molecule are significantly different at P<0.05. Data are expressed
per ml as cell numbers were not counted in this study.

Table 4. Effect of pH and temperature on the amounts of indole acetic acid (IAA) produced by bacterial isolates from root nodules of eight
Psoralea species; namely Psoralea laxa (Ll & L2), P. aphy//a (API & AP2), P. asarina (ASI & AS2), P. repens (RPI & RP2),
P. pinnata (PI & P2), P. monoph//a (MI & M2), P. aculeata (ACI & AC2), and P. restioides (RT! & RT2).
(ng rnl")

Bacterial isolate

Host plant

Acidity
pH 5.1

Ll
L2
API
AP2
ASI
AS2
RPI
RP2
PI
P2
MI
M2
ACI
AC2
RT!
RT2

P.laxa
P. laxa
P. aphy//a
P. aphy//a
P. asarina
P. asarina
P. repens
P. repens
P. pinnata
P. pinnata
P. monophy//a
P. monophy//a
P. aculeata
P. aculeata
P. restioides
P. restioides

12.8 ± IABcd
61.3 ± 5.5Aa
0.9 ± O.1Be
3.9± IABe
\.9 ± 0.7Be
14.6 ± \.6Bc
704 ± 2.8bBcde
46.2 ± 4.9ABb
56.9 ± 8.IAa
5.1 ± \.OBde
903 ± \.6Bcde
3.6 ± OABe
l.l ± OABe
l.l ± OABe
\.2 ± 0.6Be
403 ± OABde

pH 8.1
45.1 ± 4.6Aed
44.5 ± 4AAed
47.5 ± 4.1Aed
52.5 ± 5.2Ad
42.1 ±4.1Ae
8\.6 ± 7.9Ac
49.9 ± 4JAed
116.9 ± 18.7Ab
158.9 ± 13.8Aa
96.7 ± 9.5Ac
40.9 ± 4.2Ae
62.2 ±6.0Ad
43.2±4.IAed
4604 ± 5.2Aed
41.6 ± 2.6Ae
41.1±3.5Ae

Temperature
10°C
2.7 ± \.2Ba
3.0 ± 1.2Ba
OJ ± O.IAa
2.6 ± 1.2Aa
0.4 ± O.lAa
004 ± O.IBa
004 ± O.OAa
0.6±0.2Ba
4.6 ± \.8Ba
0.2 ±O.IAa
OJ ± O.lAa
004 ± 0.2Aa
0.2 ± O.IAa
0.6 ±0.2Aa
1.7 ± 0.2Aa
1.4 ± 0.9Aa

30°C
12.8 ± 3AAcd
61.3 ± 5.5Aa
0.9 ± O.IAe
3.9 ± \.4Ae
1.9 ± 0.7Ae
14.6 ± 2.6Ac
704 ± 2.8Acde
46.2 ± 12.9Ab
56.9 ± 8.IAa
5.1 ± \.OAde
9.3 ± 1.6Acde
3.6 ± OAAe
1.1 ± OAAe
1.1 ± OAAe
\.2 ± 0.6Ae
4.3 ±2.6Ade

Values (Mean ± SE) followed by dissimilar letters (in lower case) within a column are significantly different at P<0.05; Values (Mean ±
SE) followed by dissimilar letters (in upper case) within a row for acidity or temperature are significantly different at P<0.05. Data are
expressed per ml as cell numbers were not counted in this study.

P. restioides produced by far the largest amount of
riboflavin per cell (Table 1).
A two-way ANOYA analysis, further revealed
significant differences in the response of each bacterial

isolate to the two pH levels. As shown in Table 1, strains
AS2, PI and RTl (from
P asarina, P pinnata and
P. restioides, respectively) released significantly more
lumichrome at pH 8.1 than at pH 5.1. There was however
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no significant difference in the amount of metabolites
released by the other strains at the two pH levels. Similarly,
all the test strains showed no marked differences in the
amounts of riboflavin produced at pH 5.1 or pH 8.1, except
for strains RP2 and AC2 (which secreted more riboflavin at
pH 5.1). Strain RTl, in contrast, produced more riboflavin
at pH 8.1 than at pH 5.1 (Table I).

Effects of salinity on the exudation of lumichrome and
riboflavin by bacterial isolates from Psoralea root nodules
Salinity also had a significant effect on the production
of lumichrome and riboflavin by a few bacterial isolates.
Except for strains ACI and RTl (from P. aculeata and
P. restioides, respectively), which secreted large amounts of
lumichrome, the others showed no effect to 6.8 mM
salinity, not even the two isolates from P. repens which
grows close to the ocean (Table 2). At the higher 34.2 mM
NaCI however bacterial strains L1, AS2, RPI and ACI
(from P. laxa, P. asarina, P. repens, and P. aculeata
respectively) significantly increased their production and
release of lumichrome into culture filtrate (Table 2). The
rest of the strains remained unaltered in their metabolic
response to salinity. With riboflavin, however, the two
strains from P. repens (which grows in saline environment)
together with strains ACI and RTl showed greater
concentrations of this metabolite in culture filtrate, a
performance maintained at both low and high NaCI levels
(Table 2).
To assess the response of each strain to the two salinity
levels, a two-way ANaVA analysis was done for the
strains at both low and high salinities. The results showed
that, relative to other isolates, strains AS2, RPI, MI and
ACI exuded greater amounts of lumichrome into culture
filtrate at 34.2 mM NaCI (Table 2). The data for riboflavin
showed that only strains L1 and ACI from P. laxa and P.
aculeata significantly increased their production of this
metabolite per cell at the higher salinity level (Table 2).

Effects of temperature on the secretion of lumichrome and
riboflavin by bacterial isolates from Psoralea nodules
A two-way ANaVA analysis with Duncan test was
done to assess the effects of two temperatures on the release
of lumichrome and riboflavin. There were significant
(P.:s0.05) differences in the release of both metabolites in
response to temperature (Table 3). However, there were no
differences in the amounts of lumichrome released by all
isolates at the higher temperature of 30°C. At both
temperatures, bacterial isolate P2 (from P. pinnata)
produced higher levels of both luminchrome and riboflavin
in culture filtrates than the other strains, except at 30°C
where isolate RP2 (from P. repens) released the highest
amount of riboflavin per ml (Table 3). At the lower
temperature, however, isolate P2 showed a 5-fold greater

secretion of both lumichrome and riboflavin compared to
strain RP2, which produced the least lumichrome.

Effects of pH and temperature on the release of indole
acetic acid by bacterial isolates from root nodules of
Psoralea species
A two-way ANaVA analysis revealed significant
differences in the in the production of IAA in response to
both pH and temperature (Table 4). At pH 5.1, bacterial
isolates L2 and PI (from P. laxa and P. pinnata
respectively) released higher levels of IAA in culture
filtrate, with a 70- and 65-fold greater production of IAA
compared to strain API (from P. aphylla) which released
the least amount of IAA on a per-ml basis. At pH 8.1,
isolates PI and RP2 released greater amounts of IAA, about
4- and 3-fold greater production of IAA compared to MI
(from P. monophylla) which released the least amount of
IAA (Table 4). Temperature also had a significant effect on
the production of IAA by a few bacterial isolates. Except
for strains L2, PI and RP2 which released significantly
larger amounts of IAA at the higher temperature of 30°C,
others showed no response to temperature changes. The
highest amounts of IAA was produced at 30°C by bacterial
isolate P2, with a 70-fold greater production of IAA
compared to isolate AP2 (from P. aphylla) which produced
the least amount of IAA. At high temperature, bacterial
isolates PI. and RP2 also released large amounts of IAA,
about a 65- and 55-fold compared to other isolates
(Table 4).

4. Discussion
Sixteen bacterial isolates from root nodules of Psoralea
species were quantitatively assessed for their exudation of
the metabolites lumichrome, riboflavin and IAA in
response to pH, salinity and temperature. The data showed
that the bacterial strains tested differed in their levels of
secretion of the three metabolites (Tables 1-4). For
example, strain AS2 produced significantly greater amounts
of lumichrome at both pH 5.1 and 8.1 in contrast to strains
RTl and PI, which produced more lumichrome per cell at
only pH 8.1 (Table I). Strains API and RP2 also produced
more riboflavin at pH 5.1 than at pH 8.1. Conversely, strain
RTl secreted more riboflavin at pH 8.1 than at pH 5.1
(Table I). These measured amounts of lumichrome and
riboflavin from cellular secretion were not only
significantly different among the bacterial isolates, but also
sometimes between paired bacterial strains from the same
Psoralea species. For example, strains AS2, PI and RTI
each produced more lumichrome at pH 8.1 than at pH 5.1
(Table I), while strains AS2, L1, RP2 and RTl each
produced more riboflavin at pH 8.1 relative to the lower pH
5.1 (Table I). The differences found in this study in
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extracellular release of metabolites in response to pH are
consistent with the findings of another study (Moron et aI.,
2005), which showed that Rhizobium tropici strain
CIAT899 produced different concentrations and types of
Nod factors when challenged with H+ ions at low relative to
neutral pH. Bacterial isolates AS2, RPl, ACI and L1 also
each produced greater amounts of lumichrome at high
compared to low salinity, just like strains ACI and L1 each
of which produced more riboflavin at the higher salinity
level (Table 2). We have recently shown the existence of
strain and species differences in rhizobial secretion of
lumichrome and riboflavin, even when cultured under
normal laboratory conditions (Kanu et aI., 2007). We
therefore suspect that these intrinsic differences in the
metabolic release of the two molecules were probably
enhanced by bacterial encounter of different pH, salinity
and temperature regimes. For example, at both low and
high salinity (i.e. 6.8 mM and 34.2 mM NaCI), strain ACI
produced significantly more lumichrome and riboflavin percell, followed by strains RTl and RPl (Table 2), in contrast
to strain L1 which produced more lumichrome and
riboflavin at only higher salinity (Table 2). Although these
variations in the secretion response of metabolites could be
attributed to ecological differences in the sites of nodule
collection, we were unable to strictly match bacterial
response with soil factors at the sites of nodule collection as
unfortunately soil pH and salinity were not determined.
However, the strong differences in geographic
distribution of Psoralea species and the different soil
ecologies of Psoralea habitats are likely to have some
influence on strain response to these stress factors. For
example, because P repens naturally grows next to the
Indian Ocean and is usually exposed daily to several spells
of salty mist, one would expect that the bacterial strains
from this host plant would be naturally salinity-tolerant.
This is was not entirely the case. While two P repens
isolates (i.e. RPI and RP2) quite expectedly produced
significant amounts of lumichrome and riboflavin at both
low and high salinity relative to the other isolates, strains
ACI and L1 (from P. aculeata and P. laxa) produced even
much more greater amounts of lumichrome and riboflavin
at the higher salinity (i.e. 34.2 mM NaCI) than the P. repens
strains, despite the former being isolated from
environments far from the sea. This could either suggest
that bacterial response to salinity is influenced by factors
other than their previous exposure to saline conditions, or
that strains ACI and L1 originated from soils with high
salinity. In this study, high acidity generally induced the
production of greater amounts of IAA,. same way as high
temperature also triggered greater production of IAA by
bacterial cells (Table 4). In contrast, there was a generally
much greater strain secretion of lumichrome at ro-c
compared with 30°C (Table 3). This effect of temperature
on the secretion of lumichrome contrasted that of acidity
and temperature on IAA exudation, as greater amounts of
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IAA were produced at high pH and high temperature
relative to low pH and low temperature (Table 4). The
increased production of lumichrome at 10°C relative to
30°C by Psoralea bacteria was similar to the greater
production of lipo-chito-oligosaccharide Nod factors by
Aspalathus carnosa rhizobia grown at 15°C relative to 30°C
(Boone et aI., 1999). Interestingly, in both instances, the
host plants of bacterial origin come from the Western Cape
of South Africa, where nodulation of native legumes occurs
during the low winter temperatures (lO°C to 15°C), when
rainfall provides adequate soil moisture for plant growth
and symbiotic establishment. We however know that
legume nodulation with its microsymbiont occurs following
the release of signal molecules such as Nod factors and
lumichrome. So, the higher secretion of lumichrome and
Nod factors at lower temperatures by indigenous soil
bacteria isolated from the Western Cape (this study; Boone
et al., 1999) probably indicates biosynthetic adaptation to
the lower winter temperatures.
The data obtained in this study also have implications
for ecosystem functioning. We have shown else where that
the roots of symbiotic legumes can take up lumichrome and
transport it across the plasmalemma membrane to shoots
via the xylem stream (Matiru and Dakora, 200Sa). In this
study, the elevated production of lumichrome and
riboflavin by some test strains in response to environmental
factors such as pH, salinity and temperature could suggest
that, in nature, these metabolites do accumulate in the
rhizosphere to levels where they alter leaf function and root
respiration, following uptake by plants (Phillips et aI., 1999;
Joseph and Phillips, 2003; Matiru and Dakora, 200Sa,b).
These events would be additional to lumichrome-induced
root exudation of CO2 (Phillips et aI., 1999), which is
needed for growth of symbiotic rhizobia and mycorrhizal
fungi in rhizosphere soils (Lowe and Evans, l 962; Becard
et aI., 1992). Such increases in the levels of rhizosphere
CO2 (and hence of carbonic acid, which dissolves to form
H+ at neutral to alkaline pH) can enhance the dissolution of
CaC0 3 to produce Ca++ for plant uptake and improved Canutrition (Dakora and Phillips, 2002).
The variations in the secretion of lumichrome,
riboflavin and IAA by bacterial strains exposed to different
levels of pH, salinity and temperature suggest that genes
encoding these metabolites are regulated differently by
these environmental factors. So far, however, no study has
identified the genes encoding lumichrome synthesis in any
organism (Rajamani et al., 2008). This therefore makes it
difficult to pin-point where in the biosynthetic pathway
factors such as pH, salinity and/or temperature operate to
regulate the synthesis of lumichrome and related
compounds such as riboflavin. The recent finding that
lumichrome isolated from the alga Chlamydomonas
stimulates the LasR quorum-sensing (QS) receptor of
Pseudomonas aeruginosa, (and similar results were
obtained with authentic riboflavin and lumichrome, see
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Rajaman i et al., 2008) suggests that lumichrome and
riboflavin act as quorum-sensing molecules in bacteria
(Rajamani et al., 2008). This could be interesting for
ecosystem functioning as many bacterial inhabitants of
plant rhizospheres secrete both lumichrome and riboflavin
(Phillips et al., 1999; Bacher et al., 2000; Kanu et al.,
2007), which (as QS signals) are important for regulating
gene expression in local bacterial populations either for
virulence in pathogens or for resistance to antibiosis. It
would be interesting to know whether such QS gene
regulation does also provide tolerance of abiotic factors
such as low pH.
In addition to its putative role as an intercellular QS
signal, lumichrome also stimulates seedling development in
monocots and dicots at nanomolar application to plant roots
(Matiru and Dakora, 2005a,b), enhances photosynthesis at
micromolar irrigation to plant leaves (Khan et aI., 2008),
and induces diverse changes in gene expression of
Arabidopsis (Rajamani et al., 2008), just as its functionallyrelated riboflavin molecule also induces systemic resistance
in tobacco and Arabidopsis (Dong and Beer, 2000), and is
indirectly involved in plant defense responses (Xiao et al.,
2004). In the light of these new functions found for the two
metabolites [and the fact that lumichrome is a natural
inducer of ascidian larval metamorphosis (Tsukamoto et al.,
1999)], it is likely that future studies will firmly establish
lumichrome and riboflavin as the first developmental
signals to affect species in all three plant, animal, and
microbial kingdoms (Phillips et aI., 1999; Matiru and
Dakora, 2005a,b; Bresler et al., 1975; Tsukamoto et al.,
1999; Khan et aI., 2008; Rajamani et al., 2008). In
conclusion, natural changes in pH, salinity and/or
temperature of plant rhizospheres have the potential to
elevate the concentrations of lumichrome, riboflavin and
IAA in soil, and thus directly or indirectly affect plant,
animal and microbial life, and consequently ecosystem
functioning.
Acknowledgement
This study was supported with grants from the South
African Research Chair in Agrochemurgy and Plant
Symbioses, the NRF Focus Area Programme, and the
Tshwane University of Technology (to FDD). Sheku Kanu
gratefully acknowledges the award of a prestigious bursary
under the auspices of the NRF Africa Scholarships
Programme.

REFERENCES
Bacher, A., Eberhardt, S., Fischer, M., Kis, K., and Richter, G.
2000. Biosynthesis of vitamin bl2 (riboflavin). Annual Review
ofNutrition 25: 153-167.

Barazani, O. and Friedman, 1. 1999. Is IAA the major root growth
factor secreted from plant-growth mediating bacteria? Journal
ofChemical Ecology 25: 911-922.
Becard, G., Doubs, D.D., and Pfeffer, P.E. 1992. Extensive in
vitro hyphal growth of vesicular arbuscular mycorrhizalfungi in
the presence of COl and flavonols. Applied and Environmental
Microbiology 58: 821-825.
Boone, C.M., Olsthoom, M.M.A., Dakora, F.D., Spaink, H.P., and
Thomas-Oates, J.E. 1999. Structural characterisation of lipochitin oligosaccharides isolated from Bradyrhizobium aspalati,
microsymbionts of commercially important South African
legumes. Carbohydrate Research 317: 155-163.
Bowen, G.D. and Kennedy, M.M. 1959. Effect of high soil
temperature on Rhizobium spp. Journal of Agricultural
Sciences 16: 177-179.
Bresler, S.E., Perumov, D.A., Shevchenko, T.N., Glazunov, E.A.,
and Chernik, T.P. 1975. Operon of riboflavin synthesis in
Bacillus subtilis. IX. Preparation and properties of lumiflavinor lumichrome-resistant mutants. Genetika 11: 129-138.
Capenter, C.C. 1943. Riboflavin-vitamin Bl in soil. Science 98:
109-110.
Dakora, F.D. 2004. Effects of symbiotic legumes and rhizobia on
plant and microbial biodiversity in natural and agricultural
ecosystems. Annals ofArid Zone 43: 377-390.
Dakora, F.D. and Phillips, D.A. 2002. Root exudates as mediators
of mineral acquisition in low-nutrient soil. Plant and Soil 245:
35-47.
Danso, S.K.A. 1977. The ecology of Rhizobium and recent
advances in the study of the ecology of Rhizobium. In:
Biological Nitrogen Fixation in Farming Systems of the
Tropics. Ayanaba, A. and Dart, P.J., eds. Wiley, Chichester, pp.
115-125.
de Jong, A.I., Heidstra, R., Spaink, H.P., Hartog, M.Y., Hendriks,
T., Lo Schavia, F., Terzi, M., Besseling, T., van Kammen, A.,
and de Vries, S. 1993. A plant somatic embryo mutant is
rescued by rhizobial lipo-oligosaccharides. Plant Cell 5: 615620.
Dong, H. and Beer, S.V. 2000. Riboflavin induces disease
resistance in plants by activating a novel signal transduction
pathway. Phytopathology 90: 801-811.
Ghosh, S. and Basu, P.S. 2006. Production and metabolism of
indole acetic acid in roots and root nodules of Phaseolus
mungo. Microbiological Research 161: 362-366.
Gordon, S.A. and Weber, R.P. 1951. Colorimetric estimation of
indole acetic acid. Plant Physiology 26: 192-195.
Graham, P.H. and Vance, C.P. 2000. Nitrogen fixation in
perspective: an overview of research and extension needs. Field
Crops Research 65: 93-106.
Kanu, S.A., Matiru, Y.N., and Dakora, F.D. 2007. Strain and
species differences in rhizobia! secretion of lumichrome and
riboflavin, measured using thin-layer chromatography.
Symbiosis 43: 37-43.
Khan, W., Prithiviraj, B., and Smith, D.L. 2008. Nod factor [Nod
Bj V (CIS:]' MeFuc)] and lumichrome enhance photosynthesis
and growth of com and soybean. Journal of Plant Physiology
doi:10.I016/j.jpiph.2007.11.00.
Lowe, R.H. and Evans, H.J. 1962. Carbon dioxide requirement for
growth of legume nodule bacteria. Soil Science 94: 351-356.
Matiru, V.N., Jaffer, M.A., and Dakora, F.D. 2005. Rhizobial
infection of African landracesof sorghum (Sorghum bicolor L.)
and finger millet (Eleucine coracana L.) promotes plant growth
and alters tissue nutrient concentration under axenic conditions.
Symbiosis 40: 7-15.

PH, SALINITY AND TEMPERATURE EFFECTS ON BACTERIAL RELEASE OF SIGNALS
Matiru, V.N. and Dakora, F.D. 2005a. The rhizosphere rhizobial
signal molecule lumichrome alters seedling development in
both legumes and cereals. New Phytologist 166: 439--444.
Matiru, V.N. and Dakora, F.D. 2005b. Xylem transport and shoot
accumulation of lumichrome, a newly recognized rhizobial
signal, alters root respiration, stomatal conductance, leaf
transpiration and photosynthetic rates in legumes and cereals.
New Phytologist 165: 847-855.
Moron, B., Soria-Diaz, M.E., Ault, 1., Verroios, G., Sadaf, N.,
Rodriguez-Navarro, D.N., Gil-Serrano, A., Thomas-Oates, 1.,
Megias, M., and Sousa, C. 2005. Low pH changes the profile of
nodulation factors Produced by CIAT899. Chemistry and
Biology 12: 1029-1040.
Muofhe, M.L. and Dakora, F.D. 1998. Bradyrhizobium species
isolated from indigenous legumes of the Western Cape exhibit
high tolerance of low pH. In: Biological Nitrogen Fixation for
the 21st Century. Elmerich, c., Kondorosi, A. and Newton,
W.E., eds, Kluwer, Dordrecht, p. 519.
Munevar, F. and Wollum, A.G. 1981. Effects of high root
temperature and rhizobium strain on nodulation, nitrogen
fixation, and growth of soybean. Soil Science Society of
American Journal 45: 1113-1120.
Payakapong, W., Tittabutr, P., Teaumroong, N., Boonkerd, N.,
Singleton, P. w., and Borthakur, D. 2006. Identification of two
clusters of genes involved in salt tolerance in Sinorhizobium sp.
strain BLJ. Symbiosis 41: 47-53.
Phillips, DA, Tama, C.F., King, M.D., Bhuvaneswari, T.V., and
Teuber, L.R. 2004. Microbial products trigger amino acid
exudation from plant roots. Plant Physiology 136: 2887-2894.
Phillips, DA, Ferris, H., Cook, D.R, and Strong, D.R. 2003.
Molecular control points in rhizosphere food webs. Ecology 84:
816-826.
Phillips, D.A, Joseph, C.M., Yang, G-P., Martinez-Romero, E.,
Sanborn, 1.R., and Volpin, H. 1999. Identification of
lumichrome as a Sinorhizobium enhancer of alfalfa root
respiration and shoot growth. Proceedings of the Academy of
Sciences USA 96: 12275-12280.
Piha, M.l. and Munns, D.N. 1987. Sensitivity of the common bean
(Phaseolus vulgaris L.) symbiosis to high soil temperature.
Plant and Soil 98: 183-324.
Rajamani, S., Phillips, D.A., Bauer, W.D; Robinson, 1.B., Farrow,
III J.M., Pesci, E.C., Teplitski, M., Gao, M., and Sayre, R.T.
2008. The vitamin riboflavin and its derivative lumichrome
activate the LasR bacterial quorum-sensing receptor. Molecular
Plant-Microbe Interactions 21: 1184-1192.

181

Rodelas, B., Salmeron, V., Martinez-Toledo, M.B., and GonzalezLopez, J. 1993. Production of vitamins by Azospirillum
brasilense in chemically-defined media. Plant and Soil 153:
97-101.
Sierra, S., Rodelas, B., Martinez-Toledo, M.V., Pozo, C; and
Gonzalez-Lope, 1. 1999. Production of B-group vitamins by
two rhizobium strains in chemically-defined media. Journal of
Applied Microbiology 86: 851-858.
Streit, W.R., Joseph, C.M., and Phillips, DA 1996. Biotin and
other water-soluble vitamins are key growth factors for alfalfa
root colonization by Rhizobium meliloti 1021. Molecular PlantMicrobe Interactions 5: 330-338.
Tsukamoto, S., Kato H., Hirota, H., and Fusetani, N. 1999.
Lumichrome: A larval metamorphosis-inducing substance in the
ascidian Halocynthia roretzi. European Journal ofBiochemistry
264: 785-769.
Ueno, K. and Natori, S. 1984. Possible involvement of
lumichrome in the binding of storage protein to its receptor in
Sarcophaga peregrine. Journal of Biological Chemistry 259:

12107-12111.
Verma, D.P.S., Hu, CA, and Zhang, M. 1992. Root nodule
development: origin, function and regulation of nodular genes.
Physiologia Plantarum 85: 253-265.
Vessey, J.K. 2003. Plant growth-promoting rhizobacteria as
biofertilizers. Plant and Soil 255: 571-586.
Vincent, J.M. 1970. A Manual for the Practical Study of RootNodule Bacteria. IBP Handbook No. 15. Blackwell, Oxford.
Xiao, S., Dai, L., Liu, F., Wang, Z., Peng, W., and Xie, D. 2004.
COSI: An Arabidopsis coronatine insensitive 1 suppressor
essential for regulation on jasmonate-rnediated plant defense
and senescence. Plant Cell 16: 1132-1142.
Yang, G., Bhuvaneswari, T. v., Joseph, C.M, King, M.D., and
Phillips, DA 2002. Roles for Rhizobium in the Sinorhizobiumalfalfa association. Molecular Plant-Microbe Interactions 15:
456--462.
Zahran, H.H. 1999. Rhizobium-legume symbiosis and nitrogen
fixation under severe conditions and in an arid climate.
Microbiology and Molecular Biology Reviews 63: 968-989.
Zhang, F. and Smith, D.L. 2001. Interorganismal signalling in
suboptimum environments; the legume-rhizobium, symbiosis.
Advances in Agronomy 76: 125-161.
Zilberstein, D., Agmon, v., Schuldiner, S., and Padan, E. 1984.
Escherichia coli intracellular pH, membrane potential, and cell
growth. Journal ofBacteriology 158: 246-252.

