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Abstract

An indigenous cash crop, called honeybush (Cyclopia spp., Fabaceae), has
recently gained popularity in the Western Cape of South Africa and its potential
for cultivation is being investigated. The crop is an Nx-fixing legume and its
yields could therefore be improved by enhancing its Ng-fixing capacity. This
would allow increased tea vields without the need for chemical fertilizers,
promoting the crop’s status as an organically farmed health product, limiting
the environmental degradation associated with N fertilizer use and benefiting

small-scale farmers in the region who cannot afford chemical fertilizers.

N2 fixation was quantified in Cyclopia growing wild and under cultivation,
using the >N natural abundance method. The choice of reference plant to
measure the '°N abundance of non-fixed N sources taken up by Cyclopia was
extensively explored, from inducing a non-fixing isoline of Cyclopia (through
Oo-disruption of nodule function) to assessing a range of non-fixing reference
plants growing in the field. Glasshouse-grown reference plants were found to
be unsuitable as reference plants, as their 8'°N values reflected pot-induced N
cycling processes rather than the N available to plants in the field. Mycorrhizal
associations were found to have a strong influence on the foliar §'°N values of
reference plants in the field, with plant mycorrhizal status explaining'much of
the variability in foliar §'°N values. It was concluded that field-growing plants
of the same mycorrhizal group as Cyclopia (i.e. arbuscular mycorrhizal) were
the most suitable reference plants for estimating N fixation in Cyclopia using

the '°N natural abundance method.

Estimates made using the "°N natural abundance technique found Cyclopia to
be highly dependent on N-fixation for its N nutrition in the wild (70 + 4% to
100 + 7%, mean + SE, across 12 of the 13 wild sites studied). In comparison,
estimates of N fixed by cultivated Cyclopia were low and variable, suggesting
scope for enhancing the Nz-fixing capacity of Cyclopia in the agricultural
setting. This could be achieved by selecting a more effective rhizobial



inoculant strain that can fix N, under a range of soil conditions, particularly

under low-nutrient conditions.

Studies were conducted to gain a better understanding of the Cyclopia-
rhizobia symbiosis. Rhizobia bacteria were isolated from nodules harvested
from a wide range of Cyclopia species and their genetic diversity investigated
through RFLP analysis of their 16S rRNA genes. Basic phenotypic
characteristics, optimal growth temperatures and host ranges were also
examined. The strains formed two major groups, together with a number of
distinct strains. Group 1 had phenotypic characteristics typical of fast-growers,
while Group 2 had characteristics of both fast- and intermediate-growers. The
strains were not closely related to any of the well-known genera of rhizobia
tested and subsequent analyses by Kock (2003) showed that the strains were
unusual and were affiliated with Burkholderia tuberum sp. nov (LMG 21444), a

strain in the B—subclass of Proteobacteria.

Selected strains were assessed for their variability in symbiotic effectiveness
on five Cyclopia species grown under N-free and N-fed conditions in the
glasshouse. The study revealed major variability in symbiotic performance.
Two strains (UCT42 and UCT30) were poor fixers, while the others effectively
nodulated the five Cyclopia species. Strains UCT61a and UCT40a were
particularly effective. Under N-fed conditions, all Cyclopia strains, except
strain UCT44b, were unable to form root-nodules. Strain UCT44b was N
tolerant and successfully nodulated all Cyclopia species in the presence of 5
mM NH4NO3. The variability in symbiotic effectiveness offered an opportunity
to improve Ny fixation in Cyclopia through the selection of rhizobial strains
with high No-fixing ability

The results of such glasshouse trials cannot, however, be extrapolated to the
field, particularly as Cape fields provide conditions considered adverse to the
No-fixing symbiosis. To assess the symbiotic performance of selected
Cyclopia rhizobia under field conditions, a trial was carried out in a low-N field

that was free from endogenous Cyclopia-compatible soil rhizobia. Results



from the trial were significant, with inoculated plants showing up to ten times
higher fresh shoot biomass (harvestable yield), total dry biomass and total N
than the uninoculated plants. In terms of symbiotic performance, strains
UCT61a and PPRICI3 were more effective than strains UCT44b and UCT40a,
with higher No-fixing capacities and producing higher yields than the other two
strains. Strain PPRICI3 produced the largest increase in Cyclopia yield and
produced significantly higher yield, total dry biomass and plant N than strains
UCT44b and UCT40a.

Prior to planting into the field, Cyclopia plants are first grown in the nursery in
a mix containing peat, ground stone and polystyrene. Analysis found the mix
to be low in N and to have no Cyclopia-compatible rhizobia. Consequently,
inoculation with rhizobia in the nursery allowed Cyclopia cuttings access to an
adequate N supply, significantly increasing shoot biomass, shoot N and % N
over uninoculated controls and producing well developed plants for transplant
into the field.

In the presence of compatible rhizobia, a rhizobial inoculant will only produce
a yield response if the inoculant strain is competitive against the native solil
strains. To assess the competitive performance of Cyclopia strains in the field,
trials were set up at two locations, both containing endogenous populations of
Cyclopia-compatible rhizobia. Studies into rhizobial competition are generally
restricted by the lack of a suitable methodology to identify test strains in field-
harvested nodules. The suitability of antibiotic resistance methods and the
ELISA technique were assessed to identify Cyclopia rhizobia in nodules. The
attempt to label Cyclopia strains with a double antibiotic marker failed, as the
marker reduced the competitive fitness of the test strains. Identification using
indirect ELISA methodology, however, proved successful in distinguishing the
four test Cyclopia strains from one another in paired experiments in the
glasshouse and in identifying three of the test strains in field-harvested
nodules. Strain PPRICI3 could not be distinguished from native soil rhizobia in
field-harvested nodules due to the high number of cross-reactions between

the native rhizobia and the antiserum raised against this strain.
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The test strains were found to be poorly competitive against native soil
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of inoculant rhizobia and to their uneven distribution in the soil profile, field soil
in the glasshouse was inoculated with high numbers of Cyclopia rhizobia. The
inoculant strains, however, gained low occupancy of nodules formed under
these conditions, indicating that factors other than population size and
distribution influence the competitive ability of inoculant strains. The
adaptation of native strains to local soil conditions, for example, may confer
competitive superiority over the test strains, which were selected on luxuriant
growth media in the laboratory. The competitive superiority of ineffective
rhizobia in the soil environment may pose a major problem to the use of

inoculant technology in the cultivation of Cyclopia.

In terms of further enhancing the Na-fixing capacity of cultivated Cyclopia, the
selection of strains suited to the adverse soil conditions encountered in Cape
soils is recommended, together with the development of appropriate growth
media for the isolation and selection of rhizobia from the Western Cape
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the key to improving the symbiotic performance of rhizobial strains in the field.

This thesis has provided insight into the Cyclopia-rhizobia No-fixing symbiosis
and has served to highlight some of the problems limiting the use of inoculant
technology to enhance N, fixation levels and hence tea yields in cultivated
Cyclopia. Rhizobial inoculation was found to be essential for the sustainable
and low-capital cultivation of Cyclopia, and it was established that the
inoculant strain currently used by the industry, Strain PPRICI3, is well suited
to the growth of cuttings in the nursery and to the cultivation of Cyclopia in
fields free from compatible rhizobia. The work also provided insight into the

competition problem, which limits the response of Cyclopia to inoculation in
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fields with compatible rhizobia. A preliminary understanding of the
mechanisms behind this problem was achieved, adding to our understanding
of rhizobial competition in general. Further investigation is required to solve
the competition problem and to aliow for the broad application of inoculant
technology to enhance Cyclopia yields in an environmentally sound and low-
capital- way, thus providing a real, sustainable, cash-crop opportunity for

small-scale farmers in the Western Cape Region of South Africa.
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Chapter 1. Introduction 1

Chapter 1

General introduction and literature review

Nitrogen (N) is the nutrient that most commonly limits growth in plants that are
dependent on the soil for their nutrition (Greenwood, 1982; Dreyfus et al.
1987; Bohlool et al., 1992; Peoples et al., 1995a, van Kammen, 1997a).
Nitrogen is essential for plant growth, being the major component of amino
acids and related proteins, the building blocks of compounds and enzymes
fundamental to plant functioning. In general plants respond to applications of
N, with an increase in aboveground vegetative growth, darkening of foliage,
increased succulence and improved yield. Plant N deficiency, on the other
hand, causes poor vegetative growth and low crop yield, and is evidenced by
older leaves turning yellow or yellow-green and drop off the plant (Raven &
Johnson, 1991; Welch, 2002).

In the soil, N is mostly present in an organic form and is associated with
humus and silicate clays. The humus and clays prevent microbial breakdown
and only about 2-3% of this organic N is broken down (mineralised) annually
into plant-available form as ammonium (NH,") or nitrate (NO3’) (Brady, 1990;
Rowell, 1994). The mineralised NH," ions are rapidly bound into clay lattice
structures and are only slowly available to plants, while the NOj™ ions are
leached from the system. The concentration of plant-available N in soil is
therefore seldom more than 1-2% of the total soil N, which itself is rarely
above 1% of the total soil makeup (Brady, 1990). Agricultural activities further
reduce soil N levels through the direct uptake of plant-available N and through
disturbance-related reduction of soil organic matter and increases in
denitrification and leaching (Giller & Cadisch, 1995; Kahindi et al., 1997). As a
result, N in agricultural soils must be supplemented from other sources in
order to maintain crop yield.

Levels of plant-available N in the soil can be artificially increased by the
application of industrially-produced chemical N fertilizers, with subsequent
increases in crop yields. The “green revolution”, initiated in the 1960s and
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characterised by dramatic increases in crop yields, was fuelled by the use of
chemical fertilizers. During this period, world N fertilizer consumption
increased from 4 kg N per person annually (ppa) at the beginning of the 1960s
to 14 kg N ppa in 1996 (Bleken, 1997). While industrial N fertilizers may
appear to provide a solution to meeting world food requirements, there are
many drawbacks to their use.

These drawbacks stem from the fact that industrially produced fertilizers are
exceptionally inefficient, with less than half of the applied N actually taken up
by the plant (Peerally, 1985; Dreyfus et al., 1987; Peoples et al., 1994). The
remaining N is either leached into groundwater, leading to nitrate pollution in
surface and ground waters; or is lost to the atmosphere as ammonia (through
NH,4" volatilisation) or nitrous oxide (N2O) (via denitrification). This agricultural
release of nitrous oxide into the atmosphere is a significant contributor to the
greenhouse effect, which has been linked to global warming (Peoples et al.,
1994; Mosier & Kroeze, 2000). With moisture, nitrous oxide can form nitric
acid (HNQOs) in the stratosphere, a major constituent of acid rain. Another
drawback to the use of N fertilizers is that the industrial fixation (Haber-Bosch)
process used to manufacture N fertilizers is energy-intensive and thus
unsustainably dependent on fossil fuels. It was estimated by Kennedy and
Cocking (1997) that the manufacture of 1 ton of N fertilizer consumes 1.3 tons
of oil equivalents. Other political and social issues surround N fertilizer use.
For example, the high cost of synthetic fertilizer production is a major
constraint to their use in developing countries, which have limited credit
facilities and per-capita incomes, and which also lack the infrastructure required
for fertilizer production and distribution. The result is a huge disparity between
countries, with the poorest countries showing practically no use of synthetic
fertilizers (Giller & Cadish, 1995; Bleken 1997).

1.1 Biological N, fixation

While levels of plant-available N in the soil are low, the element is highly
abundant in the earth’'s atmosphere, 78% of which is made up of N; gas

(Elkan, 1992). Plants however do not have access to this abundant N source,
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except through a specialised symbiosis between some genera of plants and
certain prokaryotes that are capable of reducing atmospheric N, to NHa, which
is available to plants. This process, called biological N, fixation (BNF), is
catalysed by the enzyme nitrogenase, which is restricted to certain bacteria and
cyanobacteria (Bums & Hardy, 1975; Havelka et al., 1982; Stacey et al., 1991;
Phillips & Martinez-Romero, 2000; Sprent, 2001). Symbiotic relationships
between higher plants and Nx-fixing prokaryotes vary in complexity from loose
extracellular associations (for example Azolla and the cyanobacterium
Anabaena, Peters & Meeks, 1989) to intracellular associations of rhizobia and
actinomycete bacteria in nodules (Young & Huakka, 1996).

1.1.1 Nodule formation

The process of nodule formation has been intensively studied at a molecular
and process level (Pal et al., 1983; Sprent, 1989; Brewin, 1991; Freiberg et
al., 1997, van Kammen, 1997b; Broughton ef al, 2000; James, 2000;
Miklashevichs et al., 2001; Sprent, 2001; Ferguson & Mathesius, 2003).
Nodule formation begins when rhizobia bacteria in the host plant rhizosphere
receive isoflavone signals from host plant exudates. These signals convert the
gene product of the nodD gene to an active form, a transcriptional activator of
several nodulation and host range genes (Mellor & Werner, 1989; Gresshoff,
1990). The rhizobia bacteria then invade the host plant either via a root hair or
through openings at the point of lateral root emergence (Dart, 1974). The
invaded root hairs become deformed, cured structures and cell development
is arrested at the tip of the root hair. Development is redirected towards the
site of penetration, where a localized dome of cell wall material is deposited.
Progressive in-growth of the cell wall from the penetration site leads to a
tubular structure called the infection thread. The bacteria move with the
infection thread into the cortical region of the root, where they are
physiologically transformed into enlarged bacteroids. The enzyme systems
required for N, fixation are expressed and bacteroids are released from the
infection thread to form the nodule. The bacteroids are each surrounded by a
membrane envelope that encloses an Og-binding haemoprotein solution
called leghaemoglobin, which gives active nodules an internal pink-red colour.



Chapter 1. Introduction 4

The leghaemoglobin solution provides a protective environment of reduced 0,
pressure in which the biochemically-Os-sensitive nitrogenase reaction can
take place. The nodule is capable of energy supply (sucrose translocation and
breakdown), N2 transport and regulation, NHs* assimilation and the restriction
of potential parasitic growth of the bacteria in host plant tissue. Morphological
diversity in nodules reflects variation in the details of the different symbiotic
interactions between host and rhizobial symbionts (Corby, 1988; de Faria et
al., 1989; Sprent, 1989).

1.1.2 Nodule-forming bacteria

The first nodule-forming bacteria were isolated by Beijerinck in 1888 and
named Bacillus radicicola (Jordan, 1984). A year later, the genus was named
Rhizobium, from the Latin for “root living” (Frank, 1889) and for many years all
root-nodule bacteria were classified into this single genus (Fred et al., 1932).
Species delimitations were based on the ability of rhizobia to nodulate
particular legumes, giving rise to the concept of cross-inoculation groups. It
was soon discovered, however, that these were not discrete and Wilson
(1944) published a paper entitled “Over five hundred reasons for abandoning
the cross-inoculation groups of legumes”. Further classification was based
solely on phenotypic characteristics and rhizobia were differentiated into the
slow-growing Bradyrhizobium genus (the cowpea-miscellany) and the fast-
growing genus Rhizobium (Jordan, 1982).

Recent advances in genetic techniques have revolutionized the taxonomy of
nodule-forming bacteria and classification is now based largely on 16S rRNA
gene structures (Young, 1992; Willems & Collins, 1993; Martinez-Romero,
1994; Young, 1996). The conservation of rRNA genes, due to their structural
constraints within ribosomes, and the existence of variability in some domains
make them a good choice for comparing organisms and inferring phylogenies
(Woese, 1987). While this new classification is independent of phenotypic
traits, it has confirmed many of the earlier divisions and supports the well-
established subdivision of nodule-forming bacteria into three genera:
Rhizobium, Bradyrhizobium and Azorhizobium (Willems & Collins, 1993;
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Yanagi & Yamasato, 1993). These genera lie on distinct branches within the
a-subdivision of the Proteobacteria. More recently, two additional genera were
recognised within the fast-growing Rhizobium branch: Sinorhizobium (de
Lajudie et al., 1994) and Mesorhizobium (Jarvis et al., 1997).

Rhizobial taxonomy is in a constant state of transition, following the
advancement of molecular techniques and the isolation and characterisation
of diverse root-nodulating bacteria (Young et al., 2001). The International
Committee on the Systematics of Prokaryotes (ICSP) was formed to review
and monitor the taxonomic process. The committee upholds standards for the
description of new species, which are based largely on the polyphasic
approach recommended by Graham et al. (1991) and maintains a regularly

updated list of recognised nodule-forming species, available at http:.//www.the-

icsp.org. A list of the currently recognised rhizobia species is given in Table
1.1.

Table 1.1. Recognised species of nodule-forming bacteria (rhizobia), accessed from
hitp://www.the-icsp.org on 8 June 2004.

Azorhizobium  Bradyrhizobium Mesorhizobium Rhizobium Sinorhizobium
caulinodans * elkanii amorphae etli americanus x
Jjaponicum * chacoense galegae arboris
liaoningense cicer gallicum fredii *
yuanmingense huakuii giardini kostiense
ioti * hainanense kummerowiae
mediterraneum  huautlense medicae
plurifarium indigoferae meliloti
tianshanense feguminosarum * morelense
loessense ' saheli
lupini terangae
mongolense teranga
sullae * xinjiangense
tropici
undicola ®
yanglingense

* = Type species.
x = Published name not yet validated.

' Formerly Rhizobium huanglingense
? Formerly Rhizobium hedysari,
® Formerly Allorhizobium undicola.
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Recent investigations have discovered other bacteria capable of forming
effective root nodules on legumes (Sawada et al, 2003, Table 1.2).
Particularly surprising was the discovery of nodulating groups in the 8-
subclass of Proteobacteria, a phylogenetic branch of bacteria previously

known as human or plant pathogens (Moulin et al., 2001).

Table 1.2. Recently discovered genera of root-nodulating bacteria (modified from
Sawada et al., 2003).

Species Reference

Blastobacter denitrificans van Berkum and Eardly (2002).

Burkholderia phymatum (STM815) Vandamme et al. (2002).

Burkholderia tuberum (STMB78) Moulin ef al. (2001); Vandamme ef al. { 2002).
Devosia neptuniae Rivas ef al. (2003).

Methylobacterium nodulans * Sy et al. (2001).

Ralstonia taiwanensis Chen ef al. (2001); Chen et al. (2003).

* = Genus not validated by the ICSP.

Nodule-forming symbioses are not limited to the Proteobacteria, or to hosts
within the Leguminosae family or the Parasponia genus (Ulmaceae). The
genus Frankia is an Na-fixing actinomycete (aerobic, gram-positive bacteria)
that forms symbioses with many angiosperm species, mostly trees and shrubs
(Torrey, 1978; Baker & Mullin, 1992). The most well-known host plants are the
temperate genus Alnus (alder) and the tropical genus Casuarina (Giller &
Wilson, 1991; Dreyfus et al., 1987). In this study, the term rhizobia refers to
nodule-forming bacteria that nodulate and fix N2 in symbiosis with legumes.

Differences in specificity for nodulation and N, fixation exist between different
rhizobia and legume hosts‘(Perret et al., 2000). Rhizobium galegae, for
example, is highly specific. It has a narrow host range and is only known to
nodulate Galega species (Lindstrom, 1989). Rhizobium strain NGR234
(assigned to Sinorhizobium fredii), on the other hand, is a promiscuous strain
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with a broad host range, nodulating more than 112 genera of legumes, as well
as the non-legume tree Parasponia (Jarvis et al, 1992, Pueppke &
Broughton, 1999; Broughton & Perret, 1999). It has been suggested by Perret
et al. (2000) that specificity results from adaptation to a specific environment
and occurs where symbioses are limited to specific ecological niches. Many
tropical plants, which occupy broad ecological niches, have therefore been
described as promiscuous (Frioni et al., 1998; Pueppke & Broughton, 1999),
while Mediterranean legumes, which grow in relatively extreme environments,
are often highly specific in their rhizobial requirements (Sessitsch et al., 2002).

While the cross-inoculation concept has been abandoned as a taxonomic tool,
understanding the specificity of rhizobia and their legume hosts is important in
predicting their performance in the field. Promiscuous legumes, for example,
may nodulate freely with native rhizobia endogenous in field soil, an added
advantage as inoculation may not be necessary, but becomes a disadvantage
when native rhizobia are poor fixers (Jahaveri & Joshi, 1987; Eaglesham,
1989). A legume with more specific rhizobial requirements, on the other hand,
would allow for greater management of the symbiosis for enhanced N; fixation
(Cregan & Keyser, 1986; Peoples & Craswell, 1992). Similarly, a rhizobial strain
“with a broad host range has the advantage of being able to nodulate many
legume crops, but may be difficult to replace with an improved inoculant
strain, as was the case with soybean strain USDA 123, which has a broad
host range and is highly competitive and persistent in the field environment
(Keyser & Cregan, 1987).

1.2 Measuring biological N, fixation

The lack of a reliable method for measuring N fixation has been a major factor
limiting N fixation research (Danso, 1985; Sanginga et al., 1988, Domenach et
al., 1989). N, fixation is particularly difficult to measure in long-lived perennial
legumes, as they are generally deep-rooted, making it destructive and time-
consuming to harvest nodules, and restricting the number of samples that can
be obtained when whole plants are required for analysis. Perennial legumes
also take up soil N from varied pools over many seasons, posing further
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difficulties in tracking soil N uptake and dependence of the legume on N,
fixation. Because of these technical problems, most measurements of N,
fixation in perennial legumes have been carried out in pot-grown plants and
the validity of extrapolating these measurements to the field is uncertain.

Current methods available for measuring N fixation levels in legumes include
the assessment of nodulation, the N difference method, acetylene-reduction
assay and methods based on the abundance of the "N isotope. The "N
natural abundance method is the most widely used method in legume
research and is currently the only method available for estimating No-fixation
in perennial legumes in the field (Kohl et al., 1980; Shearer & Kohl, 1986;
Sanginga et al., 1988; Danso et al., 1990).

1.2.1 Nodule assessment

The simplest and most direct way of verifying the No-fixing status of a legume
is to establish the presence of active nodules on the plant. This method is
satisfactory when nodules are located, but becomes uncertain when nodules
are not found, as the absence of nodules may simply reflect an inability to
locate nodules, particularly for deep-rooted perennial legumes. Prosopis
glandulosa, for example, is a deep-rooted perennial acacia that grows in the
Sonoran Desert in Califomia. It was considered non-fixing, as no nodules
were located on the plant (Skujins, 1981), but a later investigation using the
>N natural abundance technique showed the species to be a fixing legume.
Re-investigation found active nodules on the plants’ deepest roots, which
were tapping permanent ground water between 5 and 6 m deep (Shearer et
al., 1983).

In certain situations, such as in comparative agricultural experiments, total
nodule biomass can be used to make quantitative estimates of N fixed. The
estimates are, however, not absolute measures of N, fixation and are
generally unreliable, as nodule biomass does not uniformly correlate with N,
fixed across different legume species or rhizobial strains. The method is



Chapter 1. Introduction 8

particularly inadequate for perennial legumes, due to the difficulty and
destructive nature of determining total nodule biomass.

1.2.2 N difference

A widely utilised and accepted method for determining N fixation levels in
grain and pasture legumes is the N difference method (Knowles, 1980). This
method is based on the difference in total N between the legume and a non-
fixing isoline or other suitable non-fixing reference species grown concurrently
with the legume. The basic assumption of the method is that the legume and

the reference plant exhibit equal utilisation of soil N.

Most of the drawbacks associated with this method are associated with the
difficulties encountered in obtaining suitable reference plants that accurately
reflect soil N taken up by legume (Shearer & Kohl, 1986). Suitable reference
species are particularly difficult to obtain for perennial legumes, as non-fixing
isolines have not yet been developed for these legumes. Researchers
generally use other species, which are often an inaccurate measure of the soil
N taken up by the legume (Giller & Wilson, 1991). In addition, even when a
non-fixing isoline is used, the assumption may not hold, as the fixing legume
may utilise less soil N than the non-fixing reference plant. The method also
fails to estimate N, fixation in situations where the legume and the reference
plant show equal N yields. In these cases, the method cannot identify whether
the legume is using soil N or if it is substituting the use of soil N with N,
fixation (Rennie & Rennie, 1983). Additionally, in long-lived perennials it
becomes increasingly difficult to distinguish the N that is re-absorbed from the
decomposition of fallen leaves, senecesced roots and nodules, from that of
the native soil and ﬁxéd N (Danso et al., 1992).

The method is therefore not well suited to estimating N fixation in wild legume
populations or in legume plantations where it is genérally not possible to
locate an existing non-fixing reference species that is of the same age and
physiological growth form as the test legume. The method is also not suited to
deep-rooted perennial legumes as the whole plant is required for analysis.
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The N difference method therefore has limited use in perennial legume
research.

1.2.3 Acetvlene reduction assay

The acetylene reduction assay is a quantification technique that is widely
employed in grain and pasture legume research. The assay is based on the
amount of ethylene produced by nodules incubated in an atmosphere
containing acetylene. The amount of ethylene produced is converted to total
N fixed by multiplying by a conversion factor of 3:1 C;H4 reduced to N fixed
(Hardy et al., 1973).

The method has an advantage over the N difference method in that it does not
rely on the use of a reference plant and can therefore be used to estimate N;
fixed in wild populations and in existing plantations. Unfortunately, the
acetylene reduction assay has two major limitations preventing its widespread
application to No-fixation research. Firstly, the conversion ratio is under
constant debate and is not applicable to all species, and secondly the method
is an instantaneous assay which does not reflect an integrated measure of N;
fixed over longer durations, which are particularly applicable to long-lived
legumes (Witty & Minchin, 1988). Further, the method is not suited to
perennial legumes due to the problem of estimating total nodule biomass per .
plant, an estimate essential to the accurate calculation of N fixed.

1.2.4 The "N natural abundance method

The "N natural abundance method has become increasingly popular as a
method for estimating N fixation in legumes and is considered to be the most
reliable method for quantifying N fixation (Kohl et al, 1980; Bergersen and
Turner, 1983; Unkovich et al., 1994; Peoples et al., 1997). The technique is
based on differences in the natural abundance of the stable isotopes "°N and
N between atmospheric N and other available N sources. Atmospheric N; is
made up of 99.6336% "N and only 0.3663% '"°N (Junk & Svec, 1958), with
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virtually no variation in the *N abundance of atmospheric N, collected from
broadly dispersed locations (Mariotti, 1981).

The natural abundance of "°N is expressed as §'°N, the parts per thousand
(%0) deviation of the sample from atmospheric N2, according to the following
equation:

(**N/"N) sample — ("*N/"*N) atmospheric N,
8'N (%) = X 1000
(*N/**N) atmospheric N,

(Shearer and Kohl, 1986)

By convention, the 8"°N of atmospheric N is set at 0%.. A substance with a
higher abundance of "N than atmospheric N is enriched in '*N and has a
positive §"°N value. Conversely, a substance that has less N is depleted and
has a negative §'°N value. The §'°N value of a substance is measured using
an isotope ratio mass spectrometer. Mass spectrometers can detect small
differences in §"°N, usually with a precision of less than 1%. (Ehleringer &
Rundel, 1989; Dawson & Brooks, 2001).

Most soils are enriched in '°N due to discrimination against this isotope during
N cycling processes, particularly during volatilisation and denitrification
(Shearer et al.,, 1978, Karamanos et al, 1981, Steele et al, 1981). The
heavier N isotope is slower to react and is left behind in the reaction
substrate, in this case the soil, and over time the substrate becomes enriched
and gains a positive 8'°N value (Shearer & Kohl, 1986). The §'°N value of soil
N is therefore often significantly higher than that of atmospheric N (0%:),
allowing a calculation of the percentage N derived from fixation (Pg) by a
legume using a two-point linear mixing model (Shearer & Kohl, 1986; Phillips
& Gregg, 2001). The calculation is based on the extent to which the soil '°N
accumulated by the legume is diluted by the low N:"N ratio of atmospheric
N accrued through N fixation.
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The N natural abundance of soil N taken up by a test legume is usually
estimated by measuring the §'°N values of suitable non-fixing “reference”
plants growing near to the test legume. The non-fixing reference plants are
dependent on soil N for their N supply and their 8'°N values therefore
represent that of soil N available to the test legume. The major problem limiting
the broad application of the method is the selection of suitable reference plants
that accurately measure the '°N abundance of soil N taken up by the test
legume (Shearer & Kohl, 1986; Bremner ef al., 1993, Pate et al., 1994; Unkovich
et al., 1994). The problem is exacerbated for perennial legumes, which take up
soil N over many seasons and, being deep-rooted, from various soil horizons
(Unkovich et al., 1994). Additional complexity is encountered in nutrient-
limited systems, such as the fynbos of South Africa (Stock et al., 1995; Cocks
& Stock, 2001) and others (Pate et al, 1993; Michelsen et al., 1996;
Nadelhoffer et al., 1996; Vitousek et al., 1989; Chang & Handley, 2000),
where specialised nutrient uptake mechanisms, such as mycorrhizal
associations, allow plants access to a range of soil N sources.

Nonetheless, the "°N natural abundance method could provide a solution to the
problem of estimating Ny fixation in leguminous shrubs and trees. it has a
suitably non-destructive sampling technique and provides an integrated
measure of N, fixed under field conditions. The successful application of this
method, however, requires the careful selection of suitable reference plants
(Shearer et al., 1983, 1986; Bremner et al., 1993; Pate ef al., 1994; Unkovich et
al., 1994) and the pfesentation of realistic errors associated with estimates of N,
fixed (Phillips & Gregg, 2001).

1.3 N, fixation in agricultural systems

The global human population has increased from approximately 2 billion in 1950
to more than 6 billion in 2000 (FAO, 2000), and is expected to continue to
increase at 1.4% annually to reach 8.3 billion by 2025 (Mannion, 1998). To
maintain current levels of dietary protein and caloric intake, food production
needs to increase at a similar rate, despite the continued deterioration of
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agricultural land and declining crop yields in many areas of production (Huang &
Rozelle, 1995; Bramley et al, 1996; Rozelle et al., 1997; Graham & Vance,
2000). Under current agricultural management strategies, an increase in crop
production would require unsubstantiated fertilizer use and fossil fuel
consumption, which would cause a corresponding level of damage to the
environment (van Kammen, 1997a).

The need to meet food demands, coupled with an understanding of the
economic restrictions of the developing world and the requirement for
environmentally sustainable development, has led to interest in biological N,
fixation as an alternative method for increasing crop yields. Exploiting the No-
fixing symbiosis will allow legume crops to grow in soils with low levels of N,
while maintaining or even increasing soil N. The symbiosis provides an
organic, slowly released form of N that improves soil structure and does not
pose a threat to environment (Keisling et al., 1994; Peoples et al., 1995b;
Schwenke et al., 1998; Rochester et al., 2001). In agricultural systems, N
inputs through N fixation are generally reported to be between 200 and 300
kg.N.ha' (Peoples et al., 1995a), but can be as high as 360 kg.N.ha™ for
some grain legumes (Bohlool et al., 1992) and even higher in tree legumes
(Danso et al. 1992; Sprent, 1995; Dakora & Keya, 1997), making a substantial

contribution to soil N.

There are three common ways of incorporating the benefits of N fixation into
agricultural systems. Firstly, legume crops can be grown intercropped or in
rotation with non-fixing crops to maintain or improve soil N and hence benefit
the non-fixing crop. In general, the higher N yields of intercrops compared to
monocultures is attributed to the sparing effect of legumes (Giller et al., 1991;
Peoples et al., 1995a). Secondly, legumes can be used as green manures by
ploughing high N plant residues into the soil, using fixed N as an organic
fertilizer to increase soil fertility (e.g. Wani et al., 1991; Becker et al., 1995;
Thoennissen et al., 2000). Finally, agroforestry systems, which use the
prunings of Na-fixing trees as a source of N for cereal crop production or as
fodder for livestock, have become increasingly popular in the tropics (Khang
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et al., 1990; Sanginga et al., 1995; Dakora & Keya, 1997; Masutha et al.,
1997).

1.4 Maximizing agronomic N fixation

In the ideal agronomic situation, the No-fixing legume satisfies all of its own N
requirements through fixation and surplus N accrues in the soil and is available
to other crops. The capacity to fix N, is, however, dependent on a number of
physical and biological factors, as well as on the intrinsic genetic properties of
the host and the rhizobial microsymbiont, and the ideal situation cannot be
assumed. Much research has been conducted into ways of maximising N»
fixation in agricultural systems (Frederick 1985; Vincent, 1988; Brockwell et
al., 1995; Herridge & Danso, 1995; Peoples et al., 1995; Wollum, 1998), with
enhancement strategies broadly categorised into three areas of address: te
selection and breeding of the host legume, the application of improved
inoculant technology and approaches aimed at alleviating limiting factors in
the soil environment.

1.4.1 Host selection

A substantial level of natural variability in nodulation, N,-fixing ability and yield
potential exists within plant species. Breeding programs target this variability,
generally focusing on selection for high vield under field conditions (Dreyfus et
al., 1988; Herridge & Rose, 2000). Such selection programs indirectly select for
improved N fixation capacity, but as the total amount of N, fixed by a legume
results from the complex interaction of many physiological processes
(determined by plant genotype and the environment), the programs are not likely
to yield a genotype of widespread usefulness.

More direct genotype selection for superior N-fixing abilities have focused on
the selection of legume varieties that show: specificity to strains of rhizobium
used as inoculants (Cregan & Keyser, 1986; Peoples & Craswell, 1992),
enhanced promiscuity (Jahaveri & Joshi, 1987; Eaglesham, 1989) and
superinfection (Postma et al., 1988; Caetano-Anolles & Gresshoff, 1990;
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Brewin, 1991; Caetano-Anolles et al., 1991). Nitrate tolerance (Carroll et al.,
1985, 1986; Vessey & Luit, 1999) or the inability to utilise nitrate (Carroll &
Gresshof, 1986) have also been targeted as favourable host characteristics to
enhance N, fixation in the agricultural setting.

Molecular modification of host plants is yet to result in widespread improvements
in N2 fixation. Areas of promise involve host transformation to modify host range
(van Rhijn et al., 1998) and modification to synthesize opines (Oger et al., 1997,
Savka & Farrand, 1997) and malate dehydrogenase (Miller et al., 1998, Graham
& Vance, 2000). Both of the latter may enhance the growth of rhizosphere
organisms.

1.4.2 Inoculation

The lack of effective and compatible rhizobia in field soil is a major constraint
to N, fixation, particularly when the legume is specific in its rhizobial
requirements (Vincent, 1988; Brockwell & Bottomley, 1995). This generally
occurs when there is an absence of the same or symbiotically related legumes
in the immediate cropping history, such as following a non-leguminous crop or
during land reclamation, and when environmental conditions are unfavourable
for rhizobia survival. The constraint can be alleviated by introducing effective
rhizobia into the system in the form of an inoculant.

The production of rhizobial inoculants has been a major success in N, fixation
research and has allowed the introduction of legumes into new farming systems
(Brockwell & Bottomley, 1995; Giller & Cadisch, 1995; Seneviratne et al., 2000).
In Australia and the USA, legume inoculants have played a fundamental role in
the establishment of legume-based pasture and cropping systems, but less use
has been made of inoculants elsewhere (Peoples & Craswell, 1992). In Latin
America, only two countries use inoculants to any extent and even in Brazil, the
largest producer of legumes, common beans are fertilized with N rather than
inoculated (Freire, 1982). Problems with inoculant distribution and with soil
infertility are reasons why inoculants are not widely used in developing countries
(Giller & Cadish, 1995). Brockwell and Bottomley (1995) consider substandard
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inoculant strains and poor decision making in the use of inoculants to be the key
factors contributing to the inefficient global usage of rhizobial inoculants. Marufu
et al. (1995) suggest that in east and southem Africa, a lack of awareness of the

technology and its benefits prevents the technology from reaching farmers.

1.4.2.1 The competition problem

A major biotic obstacle to the successful establishment and performance of
introduced rhizobia is competition from nodule-forming bacteria already
present in the soil (Brockwell et al., 1982; Trinick, 1985; Dowling & Broughton,
1986; Vincent, 1988; Streeter, 1994; Brockwell & Bottomley, 1995; Sessitsch
et al., 2002). These rhizobia often out-compete inoculant strains for nodule
occupancy, leading to inoculation having no effect on crop yield (for example
Carter et al., 1995; Denton et al., 2003 and Okogun & Sanginga, 2003).
Considerable research effort has been put into understanding rhizobial
competition and the various factors contributing to inoculation success, but a
comprehensive understanding has yet to be gained. Research into the
competition problem has largely been limited by the lack of a suitable
methodology for the identification of strains in nodules harvested from the
field.

There are opposing schools of thought regarding the major factors controlling
competition by rhizobial strains. Some authors consider that a legume can
actively select for an effective strain (Robinson, 1969; Renwick & Gareth-
Jones, 1986), while others consider soil factors (Trinick, 1985; Dowling &
Broughton. 1986; Almendras & Bottomley, 1988) or intrinsic genetic factors
(Sprent, 1994; Howieson et al., 2000) to be the major determinants of
rhizobial competition. Altematively, it has been proposed that rhizobial
numbers are the primary determinant of nodule occupancy and that increased
inoculation rates can effectively increase response to inoculation (Singleton &
Tavares, 1986; Thies ef al., 1991; Evans et al., 1996). Rhizobial competition
is evidently a complex interaction of the host and rhizobial microsymbiont
genomes with the No-fixing environment. Understanding and alleviating this
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problem is a major obstacle to the use of inoculant technology and the
exploitation of biological N; fixation in agricultural systems.

1.4.2.2 The selection of inoculant strains

Rhizobia show a wide range of No-fxing abilities and the selection of naturally
occurring strains with favourable attributes is an important research activity.
The ideal inoculant strain is a superior Nj-fixer and competitor, and is well
adapted to the soil environment. The strain should effectively fix N, under field
conditions and possibly also nodulate and fix Nz in the presence of soil N.
Further inoculant attributes, such as strain stability during storage, the ability
to multiply in broth and to survive inoculant carriers are also essential to the
success of an inoculant strain (Thompson, 1988; Sylvester-Bradley ef al.,
1991).

The symbiotic success of a strain with the host is the most important
characteristic and is readily measured by growing the legume in an N-free
medium under bacteriologically controlled conditions and measuring biomass
or N accumulation in excess of an uninoculated control. These procedures are
well documented and have changed little over the past decades (Vincent,
1970; Gibson, 1980). The results of axenic glasshouse trials cannot, however,
be extrapolated to the field environment and potential inoculants need to
undergo rigorous'ﬁeld-testing. According to Giller and Cadisch (1995), limited
strain selection is carried out under field conditions, even for some of the

major legume crops.

Genetic modification of rhizobia has advanced further than modification of host
legumes. Modification has included the transfer of DNA from environment-
tolerant bacteria to inoculant strains (El-Saidi et al.,, 1993; Defez et al., 2000),
modification for the synthesis of the peptide antibiotic trifolitoxin (Robleto ef al.,
1997) and random amplification of the symbiotic plasmid (Mavingui et al., 1997).
There is, however, concern over the transfer of transformed genes to other less-
effective rhizobia in the soil population and the use of genetically modified
organisms in the environment is currently under debate (Schwieger et al.,
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1997, van Veen et al, 1997, Davidson, 1999; Sessitsch et al., 2002).
Nevertheless, some recombinant strains such as the Sinorhizobium meliloti
strain RMBPC-2, have been commercialised (Bosworth et al., 1994). This
strain contains additional copies of nifA and dctABD to increase N fixation
and vield in alfalfa. The strain has performed well under low N conditions, but
has not produced vyield increases at sites with high N levels or with

competitive indigenous strains.

1.4.3 Soil management

Soil factors that limit N2 fixation include high levels of plant-available N,
acidity, salinity, water stress, high or low temperatures and the biotic factors of
pests and diseases. Deficiencies in nutrients such as Phosphorus (P),
Potassium (K), Calcium (Ca), Molybdenum (Mo), Zinc (Zn), Cobait (Co) and |
Iron (Fe), as well as toxicities in Aluminium (Al) and Manganese (Mn) further
limit the No-fixing symbiosis (O’Hara et al., 1988; Sprent & Sprent, 1990; Giller
& Wilson, 1991; Giller & Cadisch, 1995). Phosphorus is widely perceived to be
the soil nutrient most limiting to N fixation and, in terms of general constraints,
is second in importance only to water (Kahindi et al., 1997; Graham & Vance,
2000). This is because plants engaged in symbiotic' N, fixation generally have
higher P requirements than those grown under N fertilization (Robson, 1983;
Jungk, 1998). Higher ATP requirements for nitrogenase function, plus P needs
for signal transduction, membrane biosynthesis and nodule development and

function contribute to this requirement.

Soil testing and amelioration could dramatically improve N fixation in
agricultural systems. Fertilization with P, for example, has been found to
improve nitrogenase activity, nodule number and plant N accumulation in many
systems (Robson et al, 1981; Israel, 1987, 1993, Giller & Cadisch, 1995;
George et al., 1995; Thomas, 1995; Wani et al,, 1995 Reddell ef al., 1997).
Widespread soil amelioration is however a simplistic solution, as it takes no
account of whether inputs are feasible or available to farmers. The selection of
symbioses tolerant to infertile soil conditions is an alternative option to improving

N, fixation and crop yield where soils cannot be amended.
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The use of myborrhizal associations to gather soil P reserves may prove to be a
viable option for alleviating soil P limitations to BNF. A number of authors have
reported success in co-inoculating legumes with rhizobia and mycorrhizae
(Mahdi & Atabani, 1992; Thiagarajan ef al., 1992; Rice ef al., 1995; Requena et
al., 2001). Inoculation with mycorrhizae is particularly suited to acid soils with
strongly bound P, such as those found in Mediterranean regions (Gianinazzi-
Pearson & Diem, 1982; Giller & Cadish, 1995, Peoples et al., 1995c). Problems
with the commercial production of mycorrhizal inoculant have unfortunately
prevented the widespread success of mycorrhizal inoculation as a means of soil
amelioration.

1.5 The Cape Floristic Region of South Africa

1.5.1 The region

The Western Cape of South Africa is distinguished from the rest of the country
by its Mediterranean climate of hot, dry summers alternating with cool, wet
winters. The region’s soils are largely derived from sandstone of the Peninsula
Formation (Pauw & Johnson, 1999) and are strongly leached, sandy, infertile
and acidic, with pH values between 2 and 5 (Cowling & Holmes, 1992).
Associated with the acid soils are high levels of exchangeable heavy metals
(Al and Mn) and deficiencies in P, K, Ca, Mg, and in the soil micronutrients

Boron (Bo), Zn and Copper (Cu).

The low nutrient soils of the Western Cape are vegetated by a Mediterranean
heathland known locally as fynbos. The fynbos has an exitreme diversity of
plants, with over 8 500 endemic species in less than 90 000 km?, and has
been designated a distinctive phytogeographical unit known as the Cape
Floristic Region (Bond & Goldblatt, 1984). Plants in the fynbos are affected by
the low availability of nutrients and many species have developed nutrient-
acquisition strategies (Stock & Allsopp, 1992). Members of the Proteaceae,
Restionaceae and Fabaceae families have developed cluster roots, which
increase P uptake through increased soil exploration capacity and enhanced
root exudation-and absorption (Lamont, 1982, 2003). A more widespread
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adaptive mechanism is symbiotic association with mycorrhizae (Allsopp &
Stock, 1993), which increases host-plant access to P and possibly also allows
access to inorganic soil N sources (Barea, 1990; Marschner & Dell, 1994;
Ibijbijlen et al, 1996; Handley et al, 1999). Two types of mycorrhizal
associations occur in the fynbos, namely ericoid and arbuscular associations.
Ericoid mycorrhizae form ectomycorrhizal associations with all members of
the Ericaceae family in the fynbos, which are obligate hosts to these
mycorrhizae. Arbuscular mycorrhizal associations are endomycorrhizal
associations that are widespread in the fynbos, forming symbioses with more
than two-thirds of fynbos species (Lamont, 1982; Allsopp & Stock, 1993).

Legumes are prevalent in the fynbos and one species, Aspalathus linearis
(Burm. Fil.) R. Dahlgr. ssp. linearis (rooibos), is cultivated commercially
(Morton, 1983). Cape soils present conditions, such as high acidity, Al and Mn
toxicity and Ca and Bo deficiencies, that are generally considered to be
adverse to the N.-fixing symbiosis (Helyar, 1998; Giller & Wilson, 1991;
Hungria & Vargas, 2000), yet legume-rhizobia symbioses thrive in the Cape.
Research into the legumes that effectively fix N2 under these conditions would
increase our understanding the Nzfixing symbiosis. There has, however,
been little research into N; fixation in the Cape fynbos.

The few studies that have been carried out to date have focused on the
commercially important legume species Aspalathus linearis and on Australian
acacias (particularly Acacia cyclops and A. jongifolia) that invade the fynbos
ecosystem. Aspalathus linearis has been found to have a narrow host range,
which is restricted to rhizobial strains isolated from Cape Aspalathus species
(Staphorst & Strijdom, 1975; Deschost & Strijdom, 1976; Marumo, 1996).
Muofhe (1997) studied the Aspalathus linearis Nyfixing symbiosis in more
detail, investigating the effects of soil factors on the symbiosis, and Muofhe
and Dakora (1999) measured N, fixation levels in the species growing under
cultivation. Cocks and Stock (2001) looked at Ny fixation in 15 Aspalathus
species growing throughout the Cape. They found nodulation to be variable
across sites, but established that all species nodulated well in pot culture.
Nodulation was positively correlated with available soil P and negatively
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correlated with available N. In the same study, they attempted to estimate
levels of dependence on N; fixation, but were restricted by the lack of suitable
reference plants to measure soil N uptake. Stock et al. (1995) had similar
difficulties in selecting suitable reference plants to measure N fixation in
invading Acacia species and could only make qualitative estimates of N fixed.

1.5.2 History

Agriculture in South Africa has a turbulent history due to the inequality of the
previous apartheid government policies. A series of Native Land Acts between
1913 and 1937, for example, limited the area in which non-white South
Africans could own land to “homelands”, which covered only 13% of the
country (Binswanger & Deininger, 1993). The Acts also prohibited
sharecropping, a widespread and profitable farming system in which non-
white farmers could farm white-owned land for a share in the profits (van
Onselen, 1997). These policies forced non-white farmers to become wage
labourers on white-owned farms, providing cheap labour to these farmers.
White farmers were further aided through subsidies, market assistance and
through protection from imports. They were also given access to basic
agricultural support services such as credit facilities, research and training
(Lipton & Lipton, 1993). Farming activities in the overcrowded homelands
received limited support through the homeland governments.

In April 1994, the first democratic elections were held in South Africa. The
African National Congress (ANC), banned by the previous apartheid
government, was elected into govemment. The ANC government put into
place the Reconstruction and Development Programme (RDP). A major
priority of the RDP is land reform, which has three components: the restitution
of land to those who were historically dispossessed increased access to land
and housing (redistribution) and security of land tenure (DLA, 1997).

Land reform is as much about the use of land as it is about its ownership. The
ANC is clear in its agricultural policy that it supports the emergence of a more
diverse structure of production, with a large increase in the numbers of
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sustainable small-holder farming enterprises (Ministry for Agriculture and Land
Affairs, 1998). This labour-intensive farming model has received extensive
support and is based on the recommendations of the World Bank’s Rural
Restructuring Programme (World Bank, 1993). It is accepted by many that
labour-intensive small-scale farming in Africa has the potential to be more
efficient than large-scale farming and, in addition, could generate more
employment and income per hectare (van Rooyen & Botha 1998; Mohamed,
2000). Increased employment on farms is an important step towards
alleviating poverty in rural areas. In addition, the increased productivity and
employment potential of small farms is coupled with environmental
sustainability, through topsoil conservation and through the reduced use of
groundwater-polluting fertilizers and pesticides.

Opponents of small-scale farms, however, see them as intrinsically backward
and unscientific. This is a major misconception, as the aim of small, labour-
intensive farms is to move away from high-capital labour saving devices, such
as combine harvesters and large-scale milling machinery, but not from
modern scientific methods and technology that aid a low-capital production
system (Lipton & Lipton, 1993). A prime example of such technology is the
use of biological N fixation, which aims to remove the need for expensive N
fertilizers by incorporating legumes into cropping systems and by producing
rhizobial inoculants to improve the N fixation levels of these legumes.

1.5.3 Agriculture in the Western Cape

Agriculture in the Western Cape is centred on the production of deciduous
fruit and grapes. The farms are largely white-owned and employ local, non-
white labour on a wage basis (Deciduous Fruit Board, 1995). Recently, with
the implementation of the RDP, land is being made available to non-white
communities. The land, like most land in the Cape, is agriculturally poor. For
example, the soil at an area of land made available to a small-scale farmer

community in the Genadendal area of the Cape (near Greyton, 34°S, 19°W,
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BA) has a pH of 4.3 and a total N value of less than 0.05% (unpublished
data).

Due to the inherently infertile soils, agriculture in the Western Cape is largely
dependent on the use of chemical fertilizers. This excludes low-capital farmers
and creates environmentally unsustainable farming practices, which is not in
keeping with the new agricultural policy that promotes environmentally
sustainable, low-capital farming in South Africa.

A possible solution to this problem has come in the form of a cash crop called
honeybush (Cyclopia Vent. spp.), which is used to make an herbal infusion
that is gaining worldwide popularity. Honeybush is indigenous to the Western
Cape and is therefore adapted to the poor soil conditions. What is even more
relevant is that the crop is a legume. It is therefore possible that its yields
could be sustainably and cheaply increased through enhancing its N fixing

capacity.
1.6 Honeybush (Cyclopia Vent.)

1.6.1 Honevybush tea

Honeybush belongs to the genus Cyclopia Vent., a shrubby perennial genus
that is endemic to the fynbos vegetation of the Western Cape of South Africa
(Arnold & de Wet, 1994). The shoots of this plant are harvested when in flower
(about 0.3 m from the ground), finely chopped, fermented and dried. The
product is used to make an herbal infusion known locally as honeybush tea
(heuningtee in Afrikaans). Honeybush tea has a recorded history of use in the
Cape going back to the 18th century and it was probably also used by the
indigenous people before European settlement in South Africa (Kies, 1951).
The tea is a calming beverage that contains only 0.01% caffeine and 0.45%
tannins, compared to 3.3% caffeine and 15-30% tannins in oriental tea
(Terblanche, 1982). The tea also contains anti-oxidant and anti-free radical

phytochemicals (Dr. Lizette Joubert, Agricultural Research Council, personal
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communication), which play a role in preventing cancer, cardio-vascular
disease and ageing (Ballester, 1996).

According to Kler (1995), there is a present trend towards being health
conscious, which has led to an increased demand in many countries for herbal
and fruit infusions. In Germany, for example, the consumption of these
infusions has increased from 7 thousand tonnes in 1986 to almost 12
thousand tonnes in 1992, exceeding their consumption of black tea. This
international demand for natural beverages has created a favourable climate
for the introduction of honeybush tea to the overseas market. Countries such
as Britain, Italy, Germany, USA, Japan and Malaysia have purchased the tea
and it is thought that the honeybush industry may become equitable to the
lucrative rooibos tea industry (Viljoen, 1994; Schutte, 1997; Sapha, 1999),
which currently produces about 10 000 tons of tea (worth about R180 million)

per year (M. Bergh, M.D. of Rooibos Ltd., personal communication).

The increased demand for honeybush has triggered the interest of many
landowners throughout the fynbos region to harvest Cyclopia from their land,
mostly Cyclopia intermedia E. Mey. (Bergtee), Cyclopia subternata Vogel
(Vleitee), Cyclopia genistoides (L.) R. Br. and Cyclopia sessiliflora E. Mey.
(Heidelberg tea) (Shutte, 1997; Schutte-Viok, 1998)). The present demand for
honeybush is now in excess of supply from wild populations and an attempt to
meet the ever-increasing demands could lead to the over-exploitation of these
natural Cyclopia populations. It is of concern that 5 Cyclopia species are listed
as either rare or threatened in the South African Red Data Book, namely:
Cyclopia bowieana Harv., Cyclopia burtonii Hofmeyer & E. Phillips, Cyclopia
filiformis Kies, Cyclopia longifolia Vogel and Cyclopia pubescens Eckl. &
Zeyh. (Hall & Veldhuis, 1985). Increased harvesting pressure on these
localised endemics could lead to their extinction (Schutte-Viok, 1998).

Realising the threat posed to wild Cyclopia populations, Dr. H. de Lange of the
National Botanical Institute launched a project in 1992 aimed at the initiation of
commercial Cyclopia plantings. He selected 8 species as potential commercial
candidates, based on their taste and agricultural potential. Experimental
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plantings of these species were established on a number of farms (of both
commercial and emerging farmers) over a wide area in the fynbos, from
Darling on the West Coast to Port Elizabeth in the east. In general, plantations
are an important step in the development of a plant-based industry, as they
provide both the quantity and the quality of yield required to establish a
marketable product (Dr. H. de Lange, NBI, personal communication).

1.6.2 The Cyclopia Vent. genus

The Cyclopia genus belongs to the Fabaceae family and is a distinct member
of the Podalyrieae tribe. It is endemic to the fynbos and is mainly distributed
along the southern slopes of the Cape fold mountains, from Clanwilliam in the
west to Port Elizabeth in the east (Kies, 1951). The delimitation of species in
this morphologically variable genus has been uncertain and problematic ever
since it was established by Ventenat in 1808, (Schutte, 1997). In the most
recent revision of the genus, Schutte (1997) delimited 23 species based on
morphological variation and adaptations to survive fire.

All 23 species are long-lived perennials, varying from tall, erect, tree-like
shrubs reaching 3.5 m in height (e.g. C. longifolia and C. maculata (Andrews)
Kies) to small sprawling shrublets of about 0.3 m (e.g. C. alpina A.L. Shutte
and C.bolusii Hofmeyer & E. Phillips). The leaves are frifoliolate and leaf
shape varies considerably, from terete to flattened (Bond & Goldblatt, 1984).
The shrubs are easily recognised during their flowering period, when they are
covered with bright vellow flowers, which yield a strong honey-like scent.
Flowering occurs in spring (September and October) for all species except
Cyclopia sessiliflora, which flowers in early winter (May and June). The flowers
have a strong circular depression at the base of the calyx from which the name
Cyclopia arises - “Cyclos”, a circle and “pous”, a foot. The intrusive calyx is not
unique to the Cyclopia genus but the presence of this character together with a
tri-foliate leaf identifies the genus (Schutte, 1997).

There are two main fire-survival strategies within the genus: resprouters and
reseeders (Schutte, 1997). Reprouters have a thick woody rootstock from
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which new coppice shoots are produced after fire, giving the shrub a multi-
stemmed appearance at ground level. Reseeders on the other hand lack this
rootstock and reseed after fire and are recognised by a single main stem at
ground level. Fire survival strategies are of ecological and evolutionary
importance in the fynbos and are an important taxonomic character for the
delimitation of species (Schutte et al., 1995).

" Root nodules have been discovered on both wild and cultivated Cyclopia,
revealing their ability to form an Ng-fixing symbiosis with rhizobia bacteria. There
has, however, been little investigation into the No-fixing symbiosis and nothing is
known of the level of dependence of Cyclopia on Ny-fixation for its N nutrition.
Beatrix Baumann of the Plant Protection Research Institute (PPRI) has identified
Cyclopia as forming a symbiosis with arbuscular mycorrhizae (Beatrix Baumann,
PPRI, personal communication);, the Cyclopia, rhizobia and mycorrhizae
therefore forming a tripartite symbiosis. A further nutrient acquisition strategy,
cluster roots, have been found on Cyclopia (personal observation) and the
existence of the mycorrhizal symbiosis together with cluster roots suggest that
Cyclopia has a high P requirement, most likely due to the demands of its N
fixing symbiosis.

1.6.3 Cyclopia cultivation: the need for and use of inoculant technology

Under cultivation, Cyclopia is not planted directly into the field. Cuttings or
seedlings are first prepared in trays in the nursery, where they are allowed to
grow for 4 to 6 months before being transplanted into the field. The nursery
mix, in which young Cyclopia plants are grown, contains equal parts of
Canadian peat, polystyrene and ground stone. The mix is suspected to be low
in available N and to have no Cyclopia-compatible rhizobia, suggesting that
inoculation with rhizobia is important at this stage, but this assumption has not
been tested.

The need for inoculation of Cyclopia in the field has also not been investigated
and it is not clear whether Cyclopia planted into Cape fields respond to rhizobial
inoculation, as Cyclopia's host-range and the level of Cyclopia-compatible
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rhizobia present in Cape ﬁeids are not known. It is suspected that fields
previously planted to vines and fruit will not provide sufficient rhizobia to
nodulate Cyclopia and that rhizobial inoculation under these conditions is
important.

Pre-empting the need for a rhizobial inoculant, the PPRI isolated 9 rhizobial
strains from wild Cyclopia and selected, under axenic glasshouse conditions, a
strain that was an effective N, fixer with Cyclopia subternata, Cyclopia
intermedia and Cyclopia sessiliflora (Jacomina Bloem, PPRI, personal
communication). There was an unacceptably high coefficient of variation
associated with the data but, due to time constraints, the data was used to
select an inoculant strain. The strain, named PPRICI3, is currently used as an
inoculant in trial Cyclopia plantations. The inoculant is assumed to perform
well in the nursery and to successfully carry over into the field environment,

but these assumptions have not been tested.
1.7 Research aims

As nothing is known of Cyclopia’'s dependence on N fixation for its N nutrition,
the first aim of this thesis was to measure N, fixation in a range of Cyclopia
species growing wild and under cultivation. The N natural abundance method
was used to estimate N fixation, as this is the only method available for
estimating N fixed by long-lived perennial legumes in the field, and the method
has been used successfully in a number of systems (for example, Shearer et
al., 1983, Domenach ef al., 1989; Yoneyama et al., 1993; Hurd et al., 2001). In
addition, the non-destructive sampling procedure associated with the method
was ideally suited to the large, deep-rooted Cyclopia plants, which were growing
within conservation areas and in experimental plantations, where whole plants

could not be sampled with any level of replication.

The first study (Chapter 3) focused on the selection of suitable reference
plants to measure non-fixed N sources taken up by Cyclopia in the field, so
that N, fixation could be measured using the "N natural abundance method.
The study explored a number of options, from a small-seeded grass and a
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non-fixing “isoline” of Cyclopia (induced through O,-disruption of nodule
function) grown in pots of field soil in the glasshouse, to a range of non-fixing
reference plants growing in the field. The influence of mycorrhizal associations
on the foliar **N isotope values in field reference plants was also investigated.

In Chapter 4 the levels of N; fixation in a number of Cyclopia species were
estimated using the °N natural abundance method and the reference plants
selected in Chapter 3. The estimates are presented with realistic errors and
take into account variability in all components of the linear mixing model,
namely variability in the reference plants, the Cyclopia legume and the B
values (used to measure the 8'°N value of fixed N). Levels of N fixation were
determined for Cyclopia growing wild and under agricultural conditions to
assess whether cultivated Cyclopia are reaching their full capacity for N;

fixation.

To gain a better understanding of the Cyclopia-rhizobia symbiosis rhizobia
bacteria were isolated from nodules harvested from a wide range of Cyclopia
species growing in conservation areas throughout the Western Cape (Chapter
5). Genetic variability in the isolates was investigated through restriction
fragment length polymorphism (RFLP) analysis of their 16S rRNA genes and
basic phenotypic characteristics were also noted. The optimal growth
tem’peratures and host ranges of selected strains were also investigated.

In Chapter 6, strains selected from each group distinguished by the 16S rDNA
PCR-RFLP analysis were assessed for their ability to effectively fix N, with 4
commercially important Cyclopia species. The strains were evaluated for their
ability to symbiotically fix N; under bacteriologically controlled N-free
conditions (symbiotic capability) and, to test N tolerance, under N-fed

conditions.

The symbiotic performance of strains under axenic glasshouse conditions
cannot be extrapolated to the field, and studies were therefore carried out to
investigate the performance of selected strains in the nursery and in Cape
fields. In Chapter 7, the nursery mix used to grow Cyclopia cuttings and
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seedlings was investigated for its nutrient properties and it's presence of
Cyclopia-compatible rhizobia. Three strains selected as symbiotically effective
under glasshouse conditions (in Chapter 6), together with strain PPRICI3 (the
strain currently used for Cyclopia cultivation), were examined for their
performance in the nursery. The 2 Cyclopia species of most importance to the
honeybush industry, namely Cyclopia subternata and Cyclopia genistoides,
were used in the trial. In the same study, the rhizobial strains were tested for
their performance in symbiosis with Cyclopia subternata transplanted into an
old vine field. The field presented conditions of low N with no native Cyclopia-
compatible rhizobia, allowing examination of the strain’s No-fixing potential
under field conditions with no N limitation or competition from native rhizobia.
The field soil was not ameliorated, so as to assess the Nz-ﬁxing symbioses
under the low nutrient conditions commonly encountered in Cape fields.

The ability of rhizobial strains to cbmpete against native soil rhizobia is
essential to their success as inoculants and as such, the competitive ability of
selected Cyclopia rhizobia against those present in plantation soils was a
major focus of this thesis. As no previous field studies have been conducted
on Cyclopia rhizobia, there were no methods in place for their identification in
field-harvested nodules. The suitability of antibiotic resistance and serological
techniques for the identification of Cyclopia rhizobia were assessed in Chapter
8. The aim of the study was to find an identification method that would allow
the screening of large numbers of nodules harvested from Cyclopia grown in

glasshouse and field competition studies.

In Chapter 9, the competitive abilities of the 3 Cyclopia rhizobia selected in
Chapter 6 were tested against strain PPRICI3 in paired experiments under
sterile and field soil conditions in the glasshouse. The strains were further
tested for their ability to compete for nodule occupancy against native rhizobia
present in field soil. Glasshouse experiments and two on-farm trials were
carried out to examine this complex and poorly understood aspect of inoculant

SUCCess.
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The basic aim of this thesis was to gain an understanding of the Cyclopia-
rhizobia Na-fixing symbiosis. Little work has been carried out on the N,-fixing
symbiosis of this recently commercialised crop and nothing is known of the
crop’s dependence on Nj; fixation, or of the variability that exists in its rhizobial
symbionts and in their symbiotic performance under agronomic conditions.
Understanding the Cyclopia-rhizobia symbiosis is important in its development
as a cash crop in the Western Cape, as maximizing its N; fixation levels is
likely to reduce the need for chemical fertilization. This will not only promote
the crop’'s status as an organically farmed health product, but also limit the
environmental degradation associated with N fertilizer use as well as
financially benefit small-scale farmers in the region who cannot afford

chemical fertilizers.
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Chapter 2

General materials and methods

2.1 Culture of rhizobia

2.1.1 Growth media

The rhizobia growth medium used in this study is that described by Vincent
(1970). The composition of the growth medium, referred to as yeast-mannitol
broth (YMB), is as follows:

K:HPO, 05¢g
MgS0,.7H,0O 02g
NaCl 01g
Mannitol 10.0¢
Yeast extract 04g¢
Distilled H;0 1 000 mi

The pH of the medium was adjusted to 6.8 by adding drops of NaOH or HCI.
The medium was prepared in 250 mL or 500 mL conical flasks tightly
stoppered with cotton wool. The medium was autoclaved at 120°C for 20 min
and allowed to cool on a laminar-flow bench before use.

To prepare the solid yeast-mannitol agar (YMA) medium, 15 g/l agar was
added to the broth before sterilization. The agar medium was allowed to cool
to 50°C before being poured into sterile petri dishes or McCartney bottles in a
laminar-flow hood. Before pouring, 10 mL/L of congo red (1/400 aqueous
solution sterilized separately by passing through a 0.45 pm Millipore filter) was
added td the YMA for the detection of contaminant bacteria on the growth
medium, as rhizobia do not absorb the dye and most other bacteria do. The
perennial, woody nodules harvested from Cyclopia plants generally contained
fungi that invaded the YMA growth medium and it was therefore necessary to
incorporate a fungicide (0.02 g/L cyclohexamide) into the YMA growth
medium for the direct isolation of rhizobia from these nodules.
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For the enzyme-linked immunosorbent assays (Chapters 8, 9 and 10),
antibodies were raised against rhizobial strains using New Zealand White
rabbits. The rabbits were inoculated over a period of 30 d with rhizobial
cultures grown in a defined, yeast-free growth medium as follows (Vincent,
1970):

K.HPO, 059
KHPO, 0.5¢
MgSO4.7H,0 0.2¢
NaCl 01g
Mannitol 10.0g
Distilled H,0 1000 mL

The medium was adjusted to pH 6.8 by the addition of drops of NaOH or HCI.

2.1.2 Isolation of rhizobial bacteria from nodules

Freshly harvested nodules were thoroughly washed in sterile distilled water,
rinsed in 95% ethanol solution and submerged in 0.1% acidified HgCl, (1 g
HgCl,, 5 mL HCI, 1000 mL distilled water) for 3 min (Vincent, 1970). Nodules
were rinsed in 6 changes of sterile, distilled water; each nodule was then
aseptically dissected and the central portion scraped out and crushed in a
drop of sterile saline solution (0.85% NaCl). A drop of the nodule squash was
transferred to an YMA plate with a sterile loop and streaked. The streaking
was done in such a way to progressively dilute the suspension to a stage
where isolated single colonies were produced.

The plates were incubated at 20°C for up to 10 d and inspected for bacterial
colonies. Typical well-isolated single colonies were selected and streaked
onto YMA slants in sterile McCartney bottles and incubated to grow at 20°C

and for storage at 0°C. Isolates were sub-cultured every 3 months.
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2.1.3 Cultivation in broth

Broth cultures were prepared from stored rhizobia cultures. Five mL of saline
solution (0.85% NaCl) was added to a bacterial culture and the McCartney
bottle swirled to release rhizobial cells into suspension. A known volume of
the turbid bacterial suspension was transferred into freshly prepared,
sterilized and cooled YMB medium. The flask was stoppered with cotton wool
and the broth culture transferred to a rotary shaker at medium velocity in a

constant temperature room at 20°C.

2.1.4 Enumeration of rhizobia in broth culture

The number of viable rhizobia in a broth culture was estimated using the plate
count method (Vincent, 1970). The method estimates the viable cell density of
a broth culture by counting the number of colonies formed on YMA plates
streaked with serial dilutions of the broth. It is assumed that the growth of a
colony on the YMA plate represents a single cell in the original broth culture.

A duplicate dilution series, each with duplicate plates, was carried out for each
broth count, as described by Vincent (1970). Eight screw-capped McCartney
bottles were prepared, each containing 9 mL saline solution (0.85% NaCl).
The bottles were sterilized by autoclaving at 120°C for 20 min and allowed to
cool on a laminar-flow bench. The broth culture was agitated and 1 mL
transferred to the first bottle using a sterile pipette. The solution (107 dilution)
was thoroughly mixed using a vortex mixer and 1 mL transferred to the
second bottle using a new sterile pipette, giving a 107 dilution. The procedure
was repeated for all bottles, producing serial dilutions to 10, Dilution bottles
10 to 10® were each agitated and 0.1 mL aliquots transferred to duplicate
YMA plates. Each solution was spread evenly over the surface of the agar

plate using a sterile glass rod bent into an L-shape.

The YMA plates were inverted and incubated at 20°C until typical colonies

were 1-3 mm in diameter. The number of colonies per plate was counted and
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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 rhizobia 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 the series of estimates was taken to
reflect the total number of cells per ml of the original broth.

2.2 Plant culture

2.2.1 Seed germination

Seed of Cyclopia buxifolia (Burm.f.) Kies, C. genistoides (L.) R. Br., Cyclopia
intermedia E. Mey., Cyclopia maculata (Andrews) Kies, Cyclopia plicata Kies,
Cyclopia sessiliflora Eckl. & Zeyh. and Cyclopia subternata Vogel was
obtained from the National Botanical Institute (NBI) Cyclopia plantations and
harvested from wild populations across the Western Cape. The following
technique, established by Dr. de Lange of NBI, was used to germinate the
Cyclopia seed. Seed was scarified in concentrated sulphuric acid (also a
surface sterilant) for 1 h (Cyclopia genistoides and C. intermedia), 45 min (C.
buxifolia, C. sessiliflora and C. subternata) and 30 min (C. maculata and C.
plicata), thoroughly rinsed in sterile water and then soaked overnight in sterile
water. The imbibed seeds were transferred to a sterile ethryl solution (0.1 g/L)
for 1 hr to promote germination and the treated seeds placed onto sterile filter
paper in petri dishes. The dishes were transferred to a germination chamber
with a 12 h light/dark and a 28°C/14°C temperature cycle. The seed took 10
(C. maculata), 14 (C. buxifolia, C. intermedia, C. plicata, C. sessiliflora, C.
subtemata) and 20 (C. genistoides) days to germinate.

Seed of the non-fixing fynbos endemic Phylica ericoides L. (Rhamnaceae)
and the endemic fynbos legumes Podylaria calyptrata Willd. and Virgilia
oroboides (Bergius T.M.) Salter was purchased from Silverhill Seeds Co.
(Cape Town). Seed of the legume Aspalathus linearis subsp. linearis (Burm.,
Fil.) (rooibos) was obtained from Rooibos Ltd. (Clanwilliam, South Africa). The
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Phylica ericoides and Asaplathus linearis seeds were scarified in
concentrated sulphuric acid for 1 h, thoroughly rinsed in sterile distilled water
and soaked overnight in sterile water. The swollen seeds of Phylica ericoides
were then immersed in Fynbos Smoke-Extract Solution (NBI, 'Kirstenbosch,
Cape Town) for 30 min. Seeds of Podylaria calyptrata and Virgilia oroboides
were not scarified. They were surface-sterilized by rinsing in 95% ethanol and
immersing in 0.1% HgCl, for 3 min, thoroughly rinsed in 6 éhanges of sterile
distilled water and immersed in sterile distilled water overnight. Seeds were
then transferred to sterile filter paper and placed into the germination chamber
as above. “

The tropical grain legumes Phaseolus vulgaris L. (common bean) cv PAN 159
and Glycine max (L.) Merr (soybean) cv Prima, together with the Australian
pasture legume Lotus hispidus were used in cross-inoculation studies (Chapter
5). Lotus hispidus was included in the cross-inoculation study as it is host to the
rhizobium strain Mesorhizobium loti, which was found in Chapter 5 to be closely
related to Cyclopia rhizobia. These seeds were not pre-germinated. They were
sterilized by rinsing in 95% ethanol and immersihg in 0.1% HgCl; for 3 min,
thoroughly rinsed in 6 changes of sterile distilled water and planted directly into

the plant-culture assemblies.

2.2 .2 Plant nutrient solutions

Plants were grown in a modified N-free Hoagland's nutrient solution (Hewitt,
1966). Fynbos species (Cylcopia spp., Phylica ericoides, Asaplathus linearis,
Podylaria calyptrata and Virgilia oroboides) were grown in a % strength nutrient
solution and the tropical grain legumes Phaseolus vulgaris and Glycine max,
as well as the pasture legume Lofus hispidus, were grown in Y2 strength
solution. Nutrient solutions were prepared using distiled water. The basic

composition of the N-free solution is given in Table 2.1.
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Table 2.1. Modified Hoagland's N-free nutrient solution (Hewitt, 1996).

Reagent Molecularwt. Stock soln. Y Strength % Strength
{gimol) {gfi) {mi/L) {mL/AL)
Macronutrients
MgSQO.THLO (1M) 246.48 246.48 1.07 0.53
CaCly (1M) 110.99 110.99 1.07 0.53
K80, (0.5M) 174.27 87.14 1.07 0.53
KH,PO, (0.5M) 136.09 68.05 - 0.54 0.27
KGHPO, (0.5M) 174.18 87.08 0.54 0.27
Sequestrene (138 Fe chelate) 18.70 2.13 1.07
Micronutrients
MnClL.4H0 197.91 0.72 0.54 0.27
ZnCl, 136.28 0.11 0.54 0.27
CuCl.2H.0 170.48 0.07 0.54 0.27
Na,Mo0,.2H,0 241.05 0.03 0.54 0.27
CoCl,.6H0 237.95 0.06 0.54 0.27
HaBO, 61.83 572 0.54 0.27

The pH of the nutrient solution was adjusted to 6.8 by the addition of NaOH or

HCI. To compare plant growth under N fixation with that under conditions of

available N, 2 mM NH;NO; was added to the Hoagland's nutrient solution

(Chapters 6 and 9). To investigate the tolerance of an Ny-fixing symbiosis to

available N, 5 mM NH4NO; was incorporated into the nutrient solution (Chapter

6).

2.2.3 Plant growth in sterile tubes

To authenticate rhizobial isolates as nodule forming, Cyclopia host plants

were grown and inoculated in Pyrex glass tubes (20 cm long, 3 cm diameter).

The tubes were sterilized by autoclaving at 120°C for 20 min and filled to 1/3

of their volume with freshly prepared and autoclaved YMA. The tubes were
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cooled on a laminar-flow bench at a slight vertical incline, allowing the agar to
solidify into a slant. About 10 mL of sterile nutrient solution was poured into
each tube to prevent the assembly from drying out and the tubes tightly
stoppered with sterile cotton wool. Each tube was covered with aluminium foil
at its base, to about 2 its length, to provide a dark environment for root
growth. Pre-germinated seedlings were transplanted into the YMA slants, 5
cm from the top of the agar slant. The tubes were then transferred to metal
racks and placed into a glasshouse environment.

2.2.4 Plant growth in Leonard jar assemblies

Leonard jars were assembled as described by Vincent (1970). A wick was
passed through the mouth of a quart bottle that was truncated at its base and
ground to a flat finish. The wick was secured into the neck using cotton wool,
aiding the capillary-rise of solution from the reservoir to the rooting medium. The
bottle was inverted into a glass preserve jar previously filled to % of its volume
with solution (Figure 2.1). The inverted quart bottle was filled to 5 cm below its
surface with rooting medium and 20 mL of soluﬁon added to moisten the rooting
medium. The whole assembly was wrapped in foil and autoclaved at 120°C for

20 mins.

On removal from the autoclave, the Leonard jars were allowed to cool to room
temperature. Working in a laminar-flow hood, the foil was removed from the top
of the jars and pre-germinated seedlings transplanted into the plant-culture
assemblies using sterile forceps. A single vigorous seedling was planted into
each jar and the vermiculate pressed down around the base of the seedling.
Sterilised seed of the tropical grain legumes Phaseolus vulgaris and Glycine
max, as well as the pasture legume Lotus hispidus were planted directly into
the Leonard jars, with 3 seeds per jar and thinned to 1 seed per jar after
germination.

Medium-grained filtered sand (Consol Industrial Minerals, Athlone, Cape Town)
was used as a rooting medium for plant culture in Leonard jar assemblies
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together with modified Y- or Ya-strength Hoagland’s nutrient solution. A 2 cm
layer of vermiculite was placed over the sand to prevent moisture loss and as a
barrier to bacterial contamination. In Chapter 9, field soil was used as a rooting
medium, together with distilled water (N-free or with 2 mM NH4NO3) and the

- assemblies were not sterilized.

Figure 2.1 Modified Leonard jar assembly (Vincent, 1970). A. vermiculite, B. wick, C.
cotton wool, D. nutrient solution or distilled water, E. rooting medium, F. inverted quart
bottle, G. preserve jar and H. aluminium foil.
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2.2.5 Inoculation

Pre-germinated seedlings were inoculated immediately after transplanting, while
the grain and pasture legumes were inoculated after germination, at the two-leaf
stage. Each seedling was inoculated at its base with 1 mL of inoculant. The

uninoculated control treatments were each inoculated with 1 mL of sterile YMB.
2.3 "N isotope and % N analysis

2.3.1 Sample preparation

Plant samples were oven-dried at 40°C to a constant weight and ground to a
fine powder. Large plant samples from the field trials were ground in a Wiley Mill
to pass through a 20-mesh screen (< 0.85 mm particle size), while the smaller
samples from the glasshouse experiments were ground in a ball grinder
(MM200, Retsch Ltd., Germany). Soil samples were air-dried, passed through
a 2 mm sieve and a sub-sample ground to a fine powder using a ball grinder.
Inorganic (plant-available) N distilled from fresh soil samples in Chapter 3 were
evaporated to a low volume at 80°C on a hot plate, transferred to glass vials
and evaporated to dryness in an oven at 40°C. Vials were sealed and stored

at -20°C for N isotope analysis.

2.3.2 N and % N analysis

The plant, soil and inorganic N samples were weighed into tin capsules
(Elemental Microanalysis Ltd., UK) for analysis. For the plant material, 2 mg of
Cyclopia and 2.5 mg of the non-fixing reference plant leaf, stem and root
samples were weighed into the capsules and for the legume nodule samples,
0.5 mg of sample was used. For the soil and inorganic N samples, the tin cups
were filled to capacity, containing between 50 and 75 mg of finely ground soil
and about 50 mg of dried inorganic soil N distillate. The soil and inorganic N

samples were analysed in triplicate.
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The 3"°N and % N values of the plant, soil and inorganic soil N samples were
determined using a Carlo Erba NA 1500 elemental analyser (Fisons Instruments
SpA, Strada Rivoltana, Italy) coupled to a Finnigan MAT252 mass spectrometer
(Finnigan, MAT GmbH, Bremen, Germany) via a conflo Il open-split device and
expressed relative to atmospheric N,. The weighed tin capsules were loaded
into the Carlo-Erba system where they were combusted at 1600°C and the
resultant gases cleaned on-line before being introduced to the mass

spectrometer.

As per convention, the §'°N value was expressed as the per mil excess of N

relative to atmospheric N, (standard) as follows:

15N/'MN {sample) ™ 15N/ 14N (standard)
515N = x 1000 %o "SN
1SN/ 14N {standard)

2.3.3 Correction of values

To assess the precision and accuracy of 8'°N measurements, a laboratory
standard of known value (nasturtium, Tropaeolum majus, a non-fixing plant)
was run after every 5 samples. For each run on the mass spectrometer (50
samples), an average 8'°N value was determined for the nasturtium standard.
The difference between the average nasturtium 8'°N value and the known value
for this standard was used to correct the sample values. The mass spectrometer
ran at a precision of 0.3%. (SD, n = 30).

2.3.4 Adiustment of plant '5N values for seed or cutting '°N contribution

The 5'°N values of experimentally grown plant material were corrected for the
quantity of "°N contributed by the original seed or the cutting from which the

plant was grown, according to the following equation:
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8"N geeq X TOtal N seeq
Corrected plant 8"°N = 8"N pian-

TOtal N p]ant

2.4 Soil analysis

Soil samples were transported to the laboratory, where a sub-sample was
stored at 10°C for the enumeration of rhizobial cells using the most probable
number (MPN) plant infection technique (Brockwell, 1980) and for the
determination of available NH4" and NO3" (Bremner, 1982). The remaining
soil was air dried and passed through a 2 mm sieve. Sub-samples were
analysed for total N (Kjeldhal, Bremner & Mulvaney (1982)), pH (in 0.1 M KCl,
Rowell (1994)) and % organic matter (loss on ignition, Schulte and Hopkins
(1996)). Sub-samples were sent to the South African Department of
Agriculture’s Production Technology Laboratory (Elsenberg, Western Cape)
for determination of extractable P and K (1% Citric acid extraction, Barard et
al. (1990)) and for soil texture analysis (Bouyoucos partic!é size analysis,
Bouyoucos (1962)).

2.4 1 Enumeration of rhizobia

The number of rhizobia present in the field soil samples were estimated using
the most probable number (MPN) plant infection method (Brockwell, 1980)
based on a 5-fold dilution series with Cyclopia subternata as the trap host.
This involved inoculating aspectically-grown C. subternata plants with aliquots
of a dilution series of the soil sample being examined. The number of rhizobia
in the soil sample was calculated from the proportion of test plants that formed
nodules in each dilution, C. subternata therefore serving as a selective
medium in determining the presence or absence of the rhizobia at a particular
dilution level.
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Pre-germinated sterile seedlings of C. subternata were grown in sterile tubes
as described in Section 2.2.3 above. For each dilution series, growth tubes
were established in quadruplicate. Five screw-capped McCartney bottles were
prepared, each containing 4 mL of saline solution (0.85% NaCl), the bottles
sterilized by autoclaving at 120°C for 20 min and allowed to cool on a laminar-
flow bench. The equivalent of 10 g dry weight of fresh soil sample was placed
into a sterile 250 mL Erlenmeyer flask containing 90 ml sterile 0.85% NaCl
solution. The mixture was agitated and 1 mL transferred to the first McCartney
bottle using a sterile pipette. The solution was thoroughly mixed using a
vortex mixer and 1 mL transferred to the second bottle using a new sterile
pipette. The procedure was repeated for all bottles, producing six 5-fold
dilutions.

For each dilution series, the 4 replicate tubes were each inoculated with 1 mL
of the suspension. Four tubes were left uninoculated as controls. The tubes
were transferred to metal racks and placed into a glasshouse environment.
After 28 days, the nodulation (presence or absence) was recorded and the
number of rhizobia calculated using the MPNES computer program (Woomer
et al., 1990).

2.4.2 Soil total N

The total N content of soil was determined according to the method of
Bremner & Mulvaney (1982). For acid digestion, 1 g samples of air-dried,
sieved (2 mm) soil were weighed into duplicate 35 cm long Kjeldhal digestion
tubes together with 3 mL salicyclic acid in concentrated sulphuric acid, 1 mL
H20, a pellet of selenium (BDH, England) as a reaction catalyst and 2 glass
beads. Standards of 0.01 to 0.1 g Titriplex Il {CioH1sN2NaOg, Merck,
Germany) were prepared for the estimation of the efficiency of digestion and
the preparation of a calibration curve. Two blanks containing the digestion

acid and selenium catalyst were also included.
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The samples were placed in a block digeSter at room temperature and the
digestion block heated according the following program: 150°C for 1 h, 250°C
for 2 h, 320°C for 2 h and 400°C for 3 h or until the digest mixture was clear.
The digest was cooled to 100°C and each tube made up to 50 mL using

distilled water.

For each sample, triplicate 2 mL digest aliquots were distilled using a Buchi
distillation unit after alkalanization with 50% NaOH (w/v) containing sodium
tiosulphate. Aproximately 40 mL distillate was collected in an Erlenmeyer flask
containing 2 mL 0.02 N HCI to dissolve the ammonia and the amount of N
present in each distillate determined by backward titration with 0.05 N NaOH
using an automatic titrator (Schott Gerdte, Germany). The quantity of N in

each distillate was read from the prepared calibration curve.

2.4.3 Available soil N

Soil stored fresh at 10°C was mixed and passed fresh through a 2 mm sieve.
Inorganic N was extracted into solution by shaking 100 g of moist soil in 500
mb 2 M KCI for 1 h. The extract was allowed to stand for 30 min, after which
NHs* and NOj3 in solution was rapid-distilled according to the methods of
Bremner (1982). Twenty millilitres of the soil extract solution was placed into a
100 mL distillation flask, together with 1 mL sulfamic acid (to destroy traces of
NO7) and 1 g pre-furnaced MgO. Steam was passed through the distillation
apparatus and 25 mL distillate collected into 5 mL of boric acid solution for 3-5
min. The steam flow was diverted while 0.2 g of finely ground Devarda's alloy
(to reduce NO3 to NH,*), together with 1 mL of 0.1 N NaOH solution was
added to the distillation flask. The steam was reconnected and a further 25

mL distillate collected into boric acid.

The soil extract solution (20 mL volumes) was distilled in duplicate for each
soil sample. To avoid contamination between samples, the still was flushed
with 0.2% H.SO, between distillations and steam passed through the still for 3
minutes. Blank (distilled water) samples were frequently run to check for
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contamination. After every 3 samples, 10 mL of (NH4)»SO4KNO; standard
solution (containing 50 pug NHs" and 50 pg NOj3 per mL) was distiled to
assess the percentage recovery of NHs" and NO3'. The distillates were titrated
with 0.005 N H,SO4 to a pH 7.0 endpoint and the amount of NHs* and NO5
(mg.kg™”) in the original soil sample calculated using an estimate of soil dry

mass.
2.4.4 Soil pH

Soil pH was determined by shaking 20 g of soil in 0.01 M CaCl, for 30 min
(Rowell, 1994) and reading the pH value of the soil extract.

2.4 .5 Soil organic matter content

Soil organic matter content was determined as the percentage loss on ignition
after furnacing (Schulte and Hopkins, 1996). Sieved soil samples (5 g) were
placed into pre-weighed crucibles and oven-dried at 105°C overnight. The
crucibles, together with the oven-dried soil samples, were weighed and
transferred to a muffle furnace at 450°C for 16 h. After removal from the
furnace, each crucible was cooled in a desiccator and weighed. The
difference between the oven-dried weight of soil sample and that of the
sample after furnacing was taken as the organic matter content of the soil.

2.4.6 Soil Pand K

Twenty gram samples of air-dried, sieved (2 mm) soil were weighed into
Erlenmeyer flasks and 200 mL 1% citric acid (heated to 80°C) added to each
flask. The citric acid solution increases the solubility of calcium phosphates
and aluminium phosphates, and displaces exchangeable cations from the soil
complex. Re-adsorption of phosphate is prevented by the formation of citric

acid complexes.
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The flasks were stoppered, shaken and placed into an oven at 80°C. The
flasks were shaken every 10 min and removed after 1 h. The solutions were
then filtered through Whatman no. 40 filter paper and 50 mL aliquots of each
sample heated to dryness. After cooling, 5 mL HCl and 5 mL concentrated
HNO; were added to each flask and the flasks again evaporated to dryness. A
further 5 mL of HNO3; was added to each flask together with 20 mL distilled
water. The resultant solution was filtered into a clean flask and P and K
determined by direct aspiration on a calibrated simultaneous ICP
spectrophotometer.

2.4.7 Soil texture analysis

To remove organic matter, soils were treated with hydrogen peroxide (H20,)
by adding soil in small increments to a large beaker containing 100 mL H;0-.
Soil samples were then oven-dried at 110°C and 50 g dried samples weighed
into beakers. To each beaker, 50 mL Calgon solution was added (10 g
sodium hexametaphosphate into 100 mL water, adjusted to pH 9 using 20%
NaOH) and the mixture adjusted to pH 9 using a 4% NaOH solution. The
mixture was allowed to stand for 30 min, after which 150 mL water was added
and the mixture stirred for 5 min using a high-speed stirrer (1300 rpm). Each
sample was transferred to a measuring cylinder and diluted with water to the 1
L calibration mark. A blank was prepared by diluting 50 mL Calgon solution to
1 L. Samples stood overnight at room temperature.

Cylinders were thoroughly shaken and the silt and clay readings taken at 7
min using a hydrometer. After 7 hrs, a second reading representing only clay
was taken and the cylinders shaken and allowed to stand for a further 7 min.
The silt and clay was decanted and the remaining sand transferred to a
beaker. The sand was oven-dried at 110°C and a screen analysis performed
using 500 um and 212 um sieves. The sand that remained in the 500 pm
sieve was classified as coarse sand, that in the 212 um sieve as medium

sand and that which passed through the 212 um sieve as fine sand.
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2.5 Plant N analysis

As for the soil N analysis, plant N content was determined by the Kjeldhal
method of Bremner and Mulvaney (1982), with some minor modifications. For
acid digestion, 0.1 g of finely-ground plant samples were weighed into
duplicate digestion tubes and the samples placed in a block digester at room
temperature and heated according the following program: 200°C for 1 h,
270°C for 1 h and 370°C for 1 h or until the digest mixture is clear. The
distillation and titration procedures were as for the determination of soil N

described above.
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Chapter 3

The selection of reference plants for "N natural abundance
assessment of N, fixation in wild and cultivated Cyclopia.

3.1 Introduction

The "N natural abundance method, which is based on differences in the natural
abundance of >N between atmospheric N and other available N sources, has
great potential for estimating N; fixation in perennial legumes (Kohl et al., 1980;
Shearer & Kohl, 1986; Sanginga ef al., 1988, Danso ef al., 1990). The method
has a simple, non-destructive sampling procedure that is well suited to large,
deep-rooted plants. It requires no prior manipulation of the study system and
can provide, in a single sampling, an integrated measure of N; fixed by a long-
lived perennial legume. The major factor limiting the broad application of the '*N
natural abundance method is, however, the complexity of measuring the N
abundance of soil N taken up by the test legume (Shearer & Kohl, 1986;
Bremner et al., 1993; Pate et al., 1994; Unkovich et al.,, 1994). The problem is
exacerbated for perennial legumes, which take up soil N over many seasons
and, being deep-rooted, from various soil horizons (Unkovich et al., 1994).
Additional complexity is encountered in nutrient-limited systems, such as the
fynbos of South Africa (Lamont, 1982; Stock & Allsopp, 1992; Stock et al.,
1995; Cocks & Stock, 2001), the Banksia woodlands of South West Australia
(Pate et al., 1993), the tundra of central Alaska (Michelsen et al., 1996;
Nadelhoffer ef al., 1996), Hawaiian rainforests (Vitousek ef al., 1989) and the
forests of northern Vancouver Island (Chang & Handley, 2000). In these
systems, specialised nutrient uptake mechanisms, such as mycorrhizal
associations, allow plants access to a range of soil N sources. Isolating and
measuring the '°N abundance of these N sources can be difficult, bringing into
question the applicability of using the '°N natural abundance method to estimate

N, fixation by perennial legumes in these systems.
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3.1.1 Reference plants

The N natural abundance of soil N taken up by a test legume is usually
estimated by measuring the 8°N values of suitable non-fixing “reference”
plants. These non-fixing reference plants are dependent on soil N for their N
supply and their 8'°N values therefore represent that of soil N available to the
test legume. In addition, the reference plant §'°N values incorporate the
isotopic fractionation (through discrimination against '>N) associated with soil
N uptake.

The basic assumptions behind the '°N natural abundance method are that soil
N taken up by the reference plants is the same as that available to the test
legume and that the reference plants and the test legume have the same level
of fractionation associated with N uptake. The ideal reference plant is
therefore a non-fixing isoline of the test legume, but as these have not yet
been developed for most perennial legumes, researchers tend to use a range
of non-fixing species growing near the test legume. To account for errors
associated with unusual rooting and N uptake patterns, Shearer et al. (1983)
suggest that an average &'°N value, determined from as many phenotypically-
similar reference plants as possible, be used to determine the 5'°N value of

soil N sources.

3.1.1.1 Mycorrhizal associations

Mycorrhizal associations are common in low-nutrient environments and benefit
host plants by, among other things, increasing access to soil nutrients (Lamont,
1982; St. John & Coleman, 1983; Bundrett, 1991; Smith & Read, 1997). While
most benefits arise from increased access to P, mycorrhizal associations have
also been shown to affect the sources of soil N taken up by the host (Barea,
1990; Marschner & Dell, 1994; Ibijbijlen et al., 1996; Handley et al., 1999).
Ectomycorrhizae (ECM), which are common in temperate and boreal forests,
and ericoid mycorrhizae (ERM), which form associations with plants in the
order Ericales, both allow their hosts access to organic N, a source not usually
available to plants (Abuzinadah & Read, 1989, Read, 1996; Nasholm et al.,
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1998, Lipson et al., 1999). Arbuscular mycorrhizae (AM), an endomycorrhizal
- association that colonizes the roots of most higher plants, have been shown to
enhance the uptake of inorganic N sources (Ames et al., 1984; Johansen et
al., 1992; Hawkins & George, 1999) and possibly also organic N (lbijbijen et
al., 1996; Nasholm et al., 1998; Hawkins ef al., 2000).

In addition to increasing the range of soil N sources available to the host plant,
mycorrhizal associations have also been shown to influence the fractionation
associated with soil N uptake. It is widely reported that the foliar 8'°N values of
ECM and ERM plants are significantly lower than those of their non-
mycorrhizal counterparts. This is believed to be a result of discrimination
against the heavier "°N isotope during transfer of N from the fungus to the host
plant (Michelsen et al., 1996, Schmidt & Stewart, 1997; Taylor et al., 1997,
Gebauer & Taylor, 1999; Handley et al., 1999; Hobbie et al., 1999; Hogberg et
al., 1999; Hobbie et al., 2000). Fractionation during N uptake through AM
structures is less well understood. Handley | et al. (1993) showed a
fractionation of up to 2% during NH," uptake by AM castor beans (Ricinus
communis). The study did not, however, take into account the contribution of
>N by the seed and the results may simply reflect dilution by this N source. A
study by Azcon et al. (1998) investigated the effect of AM on the foliar §'°N
values of lettuce and barley. Their findings confirmed those of Handley et al.
(1993), but were more complex in that other factors, such as the species of
fungal symbiont, N availability and N cycling processes had larger effects on
foliar §'°N values than the presence or absence of AM alone. In contrast to
these two studies, Michelsen and Sprent (1994) found no effect of AM
associations on fractionation during N uptake. This study was, however, later
invalidated by Azcon et al. (1998) based on the fact that the work included
multiple N sources with unknown 8N values. The fractionation associated with
N uptake by AM is now considered to be far less than that associated with
ECM and ERM. The level of fractionation is dependent on the species of
fungal symbiont and increases with increasing N availability (Azcon et al.,
1998).
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As mycorrhizal associations affect both the N source utilised by plants and the
fractionation associated with N uptake, it is essential that the test legume and
its reference plants belong to the same mycorrhizal group if the basic
assumptions of the "N natural abundance method are to be met. This is
particularly relevant to the selection of field reference plants in low-nutrient
environments, where mycorrhizal associations are usually widespread. In the
Mediterranean heathland vegetation (fynbos) of the Western Cape of South
Africa, for example, all members of the dominant Ericaceae family are obligate
hosts to ERM and most other families, estimated at 77% of genera (Lamont,
1982), are colonized by AM. There are also 4 families (the Proteaceae,
Restionaceae, Cyperaceae and Thymeleaceae) that do not associate with
mycorrhizae at all, but possess specialised, non-symbiotic nutrient acquisition
structures called cluster roots (Allsopp & Stock, 1993). Careful consideration
needs to be given to the selection of reference plants in these systems to
ensure that they accurately reflect the 8"°N value of soil N taken up by the test
legume, allowing an accurate estimation of the dependence of the legume on
N, fixation for its N nutrition.

3.1.2 Alternative references

Due to the complex nature of selecting suitable reference plants in the field, a
number of studies have investigated alternative ways of estimating the §'°N
value of soil N. These approaches have included the direct measurement of
plant-available (inorganic) N extracted from field soil, and the growing of
selected reference species in potted field soil. The §'°N value of inorganic N
extracted from fertilized agricultural soils has been measured in many studies
(for example Feigin ef al., 1974 a, b; Steele ef al., 1981, Ostrom et al., 1998),
but few have measured inorganic N from undisturbed natural soils. As natural
levels of inorganic N are usually lower than those of agricultural soils, most
‘studies measure the §'°N value of soil plant-available soil N generated
through soil incubation (Binkley et al., 1985; Herman & Rundel, 1989; Garten,
1993). The §'°N value of incubation-generated N, however, does not reflect
that of N available to plants in the field, but rather it reflects N cycling
processes induced by the incubation process. Only a few studies have
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measured inorganic N extracted directly from field soil (Pate, Stewart &
Unkovich, 1993; Koba et al., 1998; Pate ef al., 1998).

A simpler way of measuring the §'°N value of plant-available soil N, which
also incorporates the fractionation associated with N uptake, is to measure the
§'N values of selected plant species grown in potted field soil. A small-
seeded non-fixing species, for example, takes up plant-available N from the
soil and contributes little of its own N to the final plant biomass. That way, the
85N value of the mature plant approximates the §'°N value of plant-available
N in the soil. A non-fixing isoline of the legume is the ideal choice of plant to
grow in the potted soil, as it replicates the N uptake patterns of the test
legume. While non-fixing isolines are generally not available for perennial
legumes, they can be achieved by growing the test legume in the presence of
high O, pressure which disrupts bacterial nitrogenase and hence the
functioning of root nodules (Atkins, 1984; Dakora & Atkins, 1989, 1990;
Layzell & Hunt, 1990). The Oo-disturbed potted test legume approach was
used by Stock et al. (1995), who could find no suitable field reference plants to
measure the 5"°N value of soil N available to two invasive Acacia species in
the fynbos of South Africa.

In this study, the use of field plants and alternative reference material were
investigated as ways of measuring the 8"°N of soil N taken up by Cyclopia
legumes in the field. The influence of mycorrhizal associations on the foliar
8'°N values of non-fixing reference plants in the field was also examined. As
an alternative to field reference plants, and to aid in the interpretation of field
data, an attempt was made to measure the 8'°N values of inorganic N
extracted directly from field soil. Further alternatives to field reference material
were explored by growing a small-seeded grass and O.-disturbed Cyclopia in
potted field soil under glasshouse conditions. The main objective of this work
was to select the most appropriate reference plant for estimating N fixation,
using the '®N natural abundance method, in wild and cultivated Cyclopia

growing in the fynbos ecosystem.
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3.2 Methodology

3.2.1 Sampling in the field

3.2.1.1 Field sites

Plant sampling was carried out in 14 wild, undisturbed fynbos communities
(sites W1 to W14) and 6 Cyclopia plantations (sites P1 to P6) situated in
different locations throughout the Westem Cape of South Africa (Figure 3.1).
Wild sites W1 to W13 were situated on moderate to steep south-facing slopes
and each contained indigenous Cyclopia populations together with a range of
non-fixing plant species, including many shrubs that were phenotypically similar
to the Cyclopia species present. These shrubs belonged to 3 mycorrhizal
functional groups, namely: non-mycorrhizal (NM), ericoid mycorrhizal (ERM) and
arbuscular mycorrhizal (AM). The AM status of the fynbos plant species was
extrapolated from a study carried out by Allsopp and Stock (1993) on the
mycorrhizal status of fynbos plants at Pella, a sand-plain fynbos community in
the Westem Cape. Due to their exhaustive mycorrhizal study there, Pella (site
W14) was identified as an additional study site, to investigate the effect of
mycorrhizal associations on the foliar §'°N values of non-fixing reference plants.

General characteristics of the wild, undisturbed field sites are given in Table 3.1.

The Cyclopia plantations used in this study were 2- to 4-yr old field trials set up
by the National Botanical Institute of South Africa (NBI). The trials were
conducted on commercial farms and on community development sites across
the Western Cape using 5 Cyclopia species of potential commercial importance.
Characteristics of the plantations are given in Table 3.2.
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Figure 3.1. Map of the Western Cape showing the location of the undisturbed wild sites W1 to W14 (E) and the Cyclopia plantations P1 to P6
(®).
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Table 3.1. Characteristics of the undisturbed wild fynbos sites (W1 to W14) sampled in this study.

Site  $ite name Nearest Cow Mean annual  Altitude  Cyclopla srusrgtefo::

label Town ordinates  rainfall (fmm)*  (m) spacies Fynbos type sampling? Soll description
W1 Garcia's Pass Riversdale 3321 CC 449.9 560 C. subternata Mountain fynbos, riverine  No Rocky, sandy

W2 Quteniqua Pass George 3322CD 726.1 780 C. subtemata Mountain fynbos 10yrs Rocky, sandy-loam
W3 Prince Alfred Pass  Knysna 3323CC 110.7 540 C. subtemata Mopntain fynbos, riverine  No Rocky, sandy-loam
W4 Rondeberg Darling 3318 CB 586.3 60 C. genistoides  Sand-plain fynbos 1yr Sandy

W5 Constantiaberg CapeTown 34 1B AB 1070.2 620 C. genistoides  Mountain fynbos No Rocky, sandy

we Betty's Bay Betty's Bay 34 18BD 1537.9 400 C. genistoides ~ Mountain fynbos 3yrs Rocky, sandy

w7 Anysberg Ladismith 33200A 359.0 1150 C. infermedia Mountain fimbos No Rocky, sandy

Wa Swartberg Pass Qutshoom 3322AC 236.4 1420 C. infermedia Mduntain fynbos No Rocky, sandy

W9 Prince Alfred Pass Knysna 3323CC 110.7 550 C. intermedia Mountain fynbos No Rocky, sandy-loam
W10  Paarl Mountain Paarl 3318DB 770.7 600 C. maculata Mountain fynbos 8yrs Rocky, sandy

W11 Jonkershoek Stellenbosch 33 18 DD 1040.7 550 C. maculala Mountain fynbos, riverine  No Rocky, sandy

W12  Grootvadersbosch  Heidelberg 332000 422.4 1000 C. sessilifiora Mountain fynbos, seep No Sandy-loam

W13  Heidelberg Heidelberg 34208BB 4171 340 C. sessiliflora Mountain fynbos No Rocky, clay

W14 Pella Mamre 3318 DA 382.3 180 None Sand-plain fynbos No Sandy

* Agricultural Research Council of South Africa (ARC) Institute for Soil, Climate and Water, 42-yr climate statistics, up to 1899.



Chapter 3. Selection of Reference Plants 55

Table 3.2. Characteristics of the Cyclopia plantations (P1 to P6) sampled in this study.

Mean

Site . Nearest Co- i Altitude :
label Site name Town ordinates ::lz?aall (m) Cyclopia species Description Site history Soil description
' (mm) *
P1 Greyton Greyton 3419BA 5198 220 C. subternata 3-yr old Previously ploughed & planted  Sand
C. genistoides plantation. with proteas. Pesticide &
C. maculata fungicide as well as K &
C. sesslilifiora NH.SO- fertilizers aoolied.
P2 Du Toits Kioof Paarl 3319CA 10283 650 C. sublernata 3-yr old Invaded by Acacia meamsii, Sandy-loam
C. genistoides plantation. Cleared and ploughed for
C. maculata Cyclopia. Fertilized with P.
P3 Robertson Robertson 3319DD 2799 420 C. subternata 2-yr old Previously ploughed, planted Sandy-loam
C. genistoides plantation. with potatoes and fertilized with
C. intermedia NPK.
C. sessiliflora
P4 Waboomskraal George 3322CD 7261 600 C. subternata 2-yr old Invaded by Acacia meamnsii Sand overlaying
C. genistoides plantation. and Pinus. Cleared and clay.
C. intermedia ploughed for Cyclopia.
C. sesslliflora
P5 Rein's Farms Gouritsmond 34 21BC 4427 20 C. genistoides 2-yrold Natural vegetation cleared. Coarse sand
plantation. Ploughed and fortilized with
Organic farm. rock P.
Pe Pearly Beach Pearly 3419DA 4039 20 C. genistoides 2-yrold Natural vegetation cleared. Coarse sand
Beach plantation. Ploughed & left unfertilized.

* Agricuitural Research Council of South Africa (ARC) Institute for Soil, Climate and Water, 42-yr climate statistics, up to 1999.
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3.2.1.2 Plant sampling

At sites W1 to W13, non-fixing shrubs phenotypically similar to the Cyclopia
species present were sampled as reference plants (10 - 18 plants per site). To
ensure that there was no movement of N between the legume and the
reference plants, but that they accessed a spatially similar volume of soil,
sampling was restricted to plants growing more than 2 m but less than 5 m
from Cyclopia plants (Unkovich, 1996). In addition, 7 plants of the Cyclopia

species present were randomly sampled at each site.

Suitable non-fixing reference shrubs were more difficult to find at the
cultivated sites (P1 to P6), due to clearing and ploughing prior to planting. The
non-fixing plants available were generally weedy and were mostly located at
the edge of the planted field. Between 8 and 12 reference plants were
sampled at each site. Seven Cyclopia plants were randomly sampled from
each cultivated Cyclopia species present at the plantation.

At site W14 (Pella), 21 non-fixing perennial fynbos shrub species were sampled
from a 25 m? area. Where possible, 3 replicate plants were sampled for each

species.

As the wild sites were situated within conservation areas and the plantations
were NBI field trials, whole shrubs could not be sampled with any level of
replication. Instead, 3 whole branches were removed from each plant to
provide an estimate of the N accumulated over the life of the plant. Additional
material was collected for species identification. The sampled shoots were
placed into paper bags and transported to the laboratory, where they were
separated into leaves and stems. The leaves were oven-dried to a constant
weight at 40°C and ground in a Wiley Mill to pass through a 20-mesh screen
(< 0.85 mm particle size). The resulting samples were stored in tightly capped

vials for '°N isotope analysis.
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3.2.1.3 Soil sampling

Five soil samples were collected from each field site. For each sample, the
surface litter was scraped away and soil collected from 0-30 cm using a soil
corer. At sites W10, P1 and P2 additional soil samples were collected from
30-60 cm, 60-90 cm and 90-120 cm depth. Samples were transported to the
laboratory where a sub-sample of each was stored fresh at 0°C for inorganic
N extraction. The remaining soil was air-dried and passed through a 2 mm
sieve. A sub-sample of the sieved material was ground to a fine powder using
a ball grinder (MM200, Retsch Ltd., Germany) and stored in tightly capped
vials for N isotope analysis. Further sub-samples were analysed for pH,
organic matter, total N (Kjeldhal, Bremner & Mulvaney (1982)), plant-available
P (1% citric acid extraction, Bamard ef al. (1990)), K and soil texture, as

described under General Methodology (Chapter 2).

3.2.2 Glasshouse studies

3.2.2.1 Light-seeded grass grown on potted field soil

For each study site, sub-samples of the replicate soil samples were bulked,
mixed and potted into 5 plastic pots (10 cm diameter x 25 cm height). The
pots were sown with the light-seeded, non-fixing grass Erharta longifolia and
placed into a glasshouse providing a 14-h day and 10-h night with a
temperature range of 18 - 28°C. Pots were watered with distilled water on

alternate days and after emergence, the seedlings were thinned to 3 per pot.

The experiment was harvested after 3 months. The harvested plants from
each pot were pooled, separated into shoots and roots, and dried to a
constant mass at 40°C. Pooled samples were weighed and an average per
plant biomass calculated for each pot. Shoots were ground to a fine power

and stored in tightly capped vials for >N and % N analysis.
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3.2.2.2 O-fumigated Cyclopia grown in potted field soil

An additional 10 replicate plastic pots (25 cm diameter x 10 cm height) were
prepared using soil from sites W10, P1 and P2. For each soil type, half of the
pots were installed with an O2 fumigation device consisting of a ring of piping
at the base of each pot, punched with small holes and connected to an O,
cylinder. When the cylinder control valve was fully opened, each fumigated
pot received O, at a constant rate of 1000 cc 0, per minute. Six pre-
germinated seedlings of the fast growing species Cyclopia maculata were
planted into each pot. To check for fumigation effects other than a reduction in
N2 fixation, the pots were aiso sown with the non-fixing grass Erharta
longifolia. The experiment was set up as for the grass experiment above and
the O, treatment pots fumigated for 1 h each day. After 3 months, the plants
were harvested as above, with additional information gathered on the number,
biomass and internal colour of nodules harvested from Cyclopia maculata
plants.

3.2.3 Laboratory experiments

3.2.3.1 Extraction of plant-available (inorganic) soil N

Sites W5, W7, P2 and P4 were randomly selected for the extraction of inorganic
N from their soils. The 5 replicate sub-samples from each site, stored fresh at
0°C, were mixed and passed fresh through a 2 mm sieve. Inorganic N was
exiracted according to the methods of Bremner (1982), described in detail in
Chapter 2. To collect NH4", soil KCI extract solution was rapid-distilled with
MgO into boric acid solution for 3-5 min. Finely ground Devarda’s alloy and
NaOH solution was used to convert NO3™ to NH4" and the sample was
distilled into boric acid.

For each soil sample, 6 replicate 20 mL volumes of soil extract solution were
distilled. To avoid contamination between samples, the still was flushed with
0.2% H.S04 between distillations and steam passed through the still for 3
min. Blank (distilled water) samples were run frequently to check for
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contamination. After every 3 samples, 10 mbL of (NH4).SO4KNO3 standard
solution (containing 50 ug NHs" and 50 pug NOs per mL) was distilled to
assess the percentage recovery of NH,* and NO3™ and to measure the level of

fractionation associated with the distilling process.

For each soil sample, the NH," and NO;" distillates were pooled, acidified with
0.05 M H,S0, and evaporated to a low volume at 80°C on a hot plate. The
solution was then transferred into a glass vial and evaporated to dryness in an

oven at 40°C. Vials were sealed and stored at —20°C for '°N isotope analysis.

3.2.3.2 N Isotope analysis

The 5N and % N values of the plant and soil samples and inorganic soil N
extracts were determined using a Carlo Erba NA 1500 elemental analyser
(Fisons !nstiuments SpA, Strada Rivoltana, Italy) coupled to a Finnigan MAT252
mass spectrometer (Finnigan, MAT GmbH, Bremen, Germany) via a conflo li
open-split device and expressed relative to atmospheric N2. The methodology is
described in detail in the General Methodology chapter (Chapter 2). For the
plant material, 2 mg of the Cyclopia samples and 2.5 mg of the non-fixing
reference plant samples were weighed into tin cups and loaded into the mass
spectrometer. For the soil and inorganic N samples, the tin cups were filled to
capacity, containing between 50 and 75 mg of finely ground soil and about 50
mg of dried inorganic soil N distillate. The 5'°N values of the soil and inorganic N

samples were determined in triplicate.

To assess the level of fractionation associated with the distillation and drying
down process, the §'°N values of the (NH4),S04 and KNO3 chemicals used to
prepare the standard solution were analysed and compared to the 8"°N values
of the distilled standard solution samples. For both N sources, 0.5 mg of crystal
was loaded together with 0.5 mg of sucrose, which has been found to increase
the combustion efficiency of pure chemicals, particularly those containing NO5

(Stable isotope geochemistry archives no. 68, available at http://list.uvm.edu).
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The foliar §'°N values of the Erharta longifolia grass samples and the O,
disturbed Cyclopia maculata samples from the potted field soil experiments
were corrected for the amount of "N contributed by the seed according to the
following equation (described in the General Methodology, Chapter 2):

8'°N seeaX Total N seeq
Corrected plant 8'°N = 8'"N pgnt -

TOta' N plant

3.3 Results

3.3.1 Soil samples

The soils sampled from each study site were acidic, with pH values ranging
from 2.9 to 4.7 for the wild sites and from 4.2 to 4.7 in the plantations (Table
3.3). Most soils were sandy (> 75% sand), except those from wild sites W9
and W13, and plantations P3 and P4, which contained relatively high levels of
silt and clay. Available P at the wild sites was low (1.7 — 10.3 mg.kg™"), which
is expected for fynbos soils (Groves, 1983; Witkowski & Mitchell, 1987). Soil P
levels were satisfactory in plantations P2, P3 and P5 (11.6 — 34.2 mg.kg™),
due to P fertilization at these sites. Total N in the soil varied across the wild
sites, with sites W1, W3, W12 and W13 showing high N levels of 0.83 -
1.11% and the other sites showing < 0.44% N. Sites W4 and W14 had very
low levels of soil N, at < 0.05%. All the plantations showed low soil N levels,
with P1, P5 and P6 exhibiting correspondingly low levels of soil organic

matter.
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Table 3.3. Chemical and physical characteristics of soils sampled from the
undisturbed wild sites (W1 to W14) and the plantations (P1 to P6) examined in this

study.
Site M P K pH  Organic % Sand % Silt % Clay
(%) (mg.kg") (mg.kg") matter
(%)
W1 1.05 55 109.3 42 132 82 9 9
w2 0.18 76 69.0 33 14.3 82 12 6
W3 0.95 6.6 285.5 3.1 13.4 76 20 4
W4 0.04 34 16.8 4.8 2.1 g6 1 4
W5 0.11 4.3 49.5 38 13.7 98 1 1
we 0.14 8.3 69.0 38 14.8 94 1
W7 0.08 43 22.0 4.4 4.8 89 5 8
Wa 0.44 54 45.5 43 35 83 11 6
Wg 0.12 6.4 56.3 40 15.0 66 22 12
W10 0.12 8.3 48.2 4.7 10.2 83 14
W11 0.14 7.5 73.0 4.1 8.5 82 10 8
Wi2 1.1 10.3 146.3 2.9 a7 80 18 2
W13 0.83 2.6 201.7 4.4 11.6 60 20 20
Wi4 0.04 1.7 56.8 4.5 6.0 96 1 4
P1 0.06 1.8 17.1 4.3 24 81 15 4
P2 0.18 34.2 49.9 4.2 10.1 85 4 11
P3 0.19 285 103.4 4.2 8.3 63 22 15
P4 0.08 7.3 25.3 44 8.0 66 15 19
P5 0.03 11.6 66.0 4.4 25 96 1
Pé 0.058 1.3 30.0 4.7 36 a5 1 5

3.3.2 Field reference material

The foliar 8"°N values of Cyclopia and the non-fixing reference plants sampled

from sites W1 to W13 and from the plantations are shown in Figure 3.2. The

§"°N values for Cyclopia lie close to 0% (except for site W13) and have low

variability, which is expected of legumes utilizing atmospheric N,. The reference

plants, on the other hand, exhibit a wider range of 8'°N values at each site. The
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reference plants sampled from the plantation sites show less variability and

higher mean 8'°N values than those sampled from the wild sites.
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Figure 3.2. Foliar 5'°N values (%) of Cyclopia and non-fixing reference plants sampled
from wild sites W1 to W13 (A) and from the plantations (B). Data are means and vertical
bars represent data ranges. For the wild sites, n = 7 for Cyclopia and 10-18 for
reference plants. For the plantations, Cyclopia values are a mean of all the species
sampled from the site (n =7 - 35), and for reference plants n =8 - 12,

Figure 3.3 shows the reference piant 8'5N values separated into mycorrhizal
functional groups as follows: NM (non mycorrhizal, i.e. Proteaceae,
Restionaceae, Cyperaceae and Thymeleaceae families), ERM (ericoid
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mycorrhizal, i.e. the Ericaceae family) and AM (arbuscular mycorrhizal,
mycorrhizal status extrapolated from Stock & Allsopp (1993)). The few species
with unknown mycorrhizal status have been excluded from the data. The §'°N
value of soil is included for all sites where soil N was sufficient for isotopic

analysis (> 0.1%).
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Figure 3.3. Foliar 3"°N values (%) of reference plants sampled from the wild sites (A)
and the plantations (B) grouped according to their mycorrhizal status (NM: non
mycorrhizal, ERM: ericoid mycorrhizal and AM: arbuscular mycorrhizal) and the 5'°N
values of soil N for sites, where measurable. Data points are means and vertical bars
represent data ranges.



Chapter 3. Selection of Reference Plants 44

The &N of soil shows positive values at each site, with litle variability within 2
site. Across sites. mean soil 5'°N values range from (.85 - 510% for the
undisturbed wild sites and 4.73 - 5 54%. for the plantation sites, Where present,
the mean &N values of the ERM and AM groups at sach site were lower than
the value for soil N, with the AM group showing more variability both within and
across sies than the ERM group. The 8N values of the NM reference plants
were variable in relation to scil 5'"N. The &N values at 7 sites were lower than
that of soil N (sites W1, W2, W3, W8, W3, W13 and P2}, while at 4 sites the
values were identical to the soil "N values (W5, W7, W10 and W11).

The foliar 8N values of the shrubs sampled from site W14 (Pella) and the i M
value of soil from that site are shown in Figure 3.4. The shrubs have been
divided into mycorrhizal functional groups as above. The &'"N values of the AM
and NI functional groups, as well as the sail M, are significanily different from
each other and ranked as follows: AM < NM < soil N (Fae = 864 P < 001,
cne-way ANOVA followed by Tukey HSD for unequal n}. As there was only one

Erica species identified at Pella, the ERM group was not included in the

analysis,
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Figure 3.4. Faliar 5 °N values (%) of nan-lixing pland species sampied Iram site W14
{Pella) grouped according ta their mycorrhizal status (25 in Figure 3.3 above), together
wilh the &N value of soil M for the site. Data are means and vertical bars represent
data ranges. Dissimilar letlers indicale signilicant differences betwaen valuas (Fpae =
05 4, P < 001, one-way ANOWVA followed by Tukey 13D test far unequal Ny n = The
rumber of species samplad (i triplicate) or rurmber of soil samples.
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Much of the AM mycorrhizal group variability in foliar 3'°N values across the wild
sites can be explained by N availability at the sites. A significant positive
correlation was found across sites between the mean foliar &' 5N values of AM
reference plants and mean foliar percent N, a rough estimate of N availability at
the site (r = 0.78, n = 14, P < 0.01, Pearson's product-moment correlation co-
efficient, Zar (1984)).
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Figure 3.5. Relationship between mean foliar AM reference plant 5°N values and
mean percent foliar N {estimate of scil N avallability) across wild sites {r= 079, n = 14,
F < (.01, Pearson’s product-moment correlation co-efficient). Error bars represent SE.

The mean foliar 3'°N values of the NM group were negatively correlated with the
percent clay content of the scil across sites (r = -0.76, n = 13, P < 0.03). A
stronger positive correlation existed between the difference 8'*N i- 5Ny (i.e.
the depletion in NM §"°N value from the soil N value) and the day content of the
soil r=021, n=11, P < 0.01, Figure 3.6). This means that as the soil becomes
more day, the foliar 3N values of the NM group become depleted in "N (i.e.

show more negative 5'°N values).
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Figure 3.6. Relationship between the difference 8N .o - 8'°N ww {i.€. depletion of
MM group from bulk soil N) and the percent clay content of soils across sites (r =
0.91, n =11, P < 0.01, Pearsan’s product-mament comrelation co-efficient).

3.3.2.1 8N with soil depth

There were no significant changes in the foliar §'°N values of the small-seeded
qrass Erharta fongifolia grown in soil collected from different depths at sites W10
and P2, just as soil 8N values were unaffected by sail depth for the same sites
{Figure 3.7). For site P1, however, the mean 3'°N value of E. tongifolia grown on
a0 — 120 ¢m scil was significantly lower than that grown on soil collected from 0
— 30 em {Fi3, 15y = 8.37, P < 0.05, one-way ANOVA followed by Tukey HSD test),
The 3N value of soil was not measurable for this site, as soil total N was only

0.06 + 0.01% (mean £ SE, Table 3.3).
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Figure 3.7. 58"°N values (%) of £. longifofia grass grown in soils collected from differant
depths at sites W10 (A), P1 (B) and P2 (C) (n = 3) and 6N values of scil from sites

W10 and P2 (n = 5, assayed in trplicate). Values are mean + SE. Different letiers
indicate significant differences (F, 1ey = 637, P < 0.05, one-way ANOVA followed by
Tukey HSD test),

3.3.2.2 Extraction of plant-avallable inorganic soil N and determination of 8N

The distillation procedure recovered an average of 102.7 £+ 1.0% and 876 +
6.8% (mean + SE, n = 8) of NH," and NOj respectively from the standard
solution, with blank samples showing no contamination between samples. The
high recovery of NH," suggests that there was some recovery of NOy in the
NH," sample. The 3"°N values of N recovered from the standard sclution are
shown in Figure 3.8, together with the values of the onginal (NH4:S0, and
KNOs chemicals used to prepare the solution. Fractionation of NH," during the
distillation and drying-down procedure was about 2%., while fractionation of NOy

was double that value. While these fractionation values are relatively high, they
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were consistent across samples. The distilled standards produced §'°N values

of 1.4 +0.3%. and 1.7 + 0.6%. (mean + SE} for NH," and NO3™ respectively.

&5 (%)
=y

arystal isstilled st distill e

MH,* Tl

Figure 3.8. Isotopic fractionation during distillation and drying down of NH,' and
NQs from a standard solution. The 8N values of the (NH,).50, and KNO, crystals
used to prepare the standard solution arg shown logether with the values of these N
sources recovered by dislillation. Values ara mean "N L SE, n= 8,

|sotopic analysis of soik-extracted inorganic N did not produce reliable 5N
values, as the guantity of N in the samples was too low for analysis. The
Finnigan MAT252 mass spectrometer used for these analyses required at least
0.05 mg N for isotopic analysis and the quantities of N in the samples were
generally less than this, ranging from 0.01 - 0.04 mg in the NH4* samples and
0.00 - 0.07 mg in the NOs samples {Table 3.4). These values are estimates and

were caleutated according to the following equation:

[mean M per distilation {ma) x mo chatilations « mo sample loaded for analysis]
Mim ok sample (MmO e et
ponled distillate fmg)

The limiting factor was the quantity of sample that could be toaded into the mass
spectrameter. Off-line preparation, which allows more sample to be loaded into
the mass spectrometer, was attempied as an allernative to the tin-cup
combustion methed, but the amount of carbon in the samples was high and
caused the silicon sample tubes to explode during combustion and the method

was abandoned.
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The amount of incrganic N in the soils (calculated for dry soil and corrected for
percenlage recovery) was low across sites (< 11 mg kg'). At the wild sites,
the soils contained more NH;™ than NOs', while the oppasite was true for the
plantation soils. The soifs were composed mostly of organic N, cantaining only
0.2 - 1.3% inorganic N (Table 3.4),

Table 3.4, The quantity of N extracted per distillation, in the isotope samples and in the
onginal soil sample. Values are mean+ SE, n =8,

Soil collected from site

W5 W7 P2 P4
N in 20 mL soil extract (ug)
NH, 48+ 37 4.7+ 39 16208 40112
NOy 34+ 31 1.7+ 14 223 -8 15 280+ 5.2
M in isatope sample (mg)
NH, 0.04 0.04 0.04 0.01
MOy 0.02 0.00 0.08 0.07
N in soil sample (mg.kg™
NH.-MN 3o+ 09 12+ 08 42+ 02 1.1+03
NOyN 27+.09 05+ 04 68+ 20 BO+ 1.1
Estimated % inorganic N =06 =02 =06 = 1.3

3.3.3 Glasshouse-grown references

3.3.3 1 Small-seeded grass grown in fleld soll

The foliar 8'°N values of the small-seeded, non-fixing Erharta longifolia grass

grown in potted field soil were positive for all soils and ranged from 232 =
1.02%0 to 11.01 + 0.51% (Figure 3.9). Foliar "N values of E. longifolia were

generally higher than those of soll N for each site, where measured.
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Figure 3.9. 3N (%) values of E. fongifolia grass grown in field soil (n = 5).

Also shown are the §"°N values of soil from each site, where measured (n = 5,
assayed in triplicate). Values are mean + SE.

3.3.3.2 Ox-fumigation experiment

Oo-fumigation had a significant effect on Cyclopia maculata grown in soil
collected from sites W10 and P1 (Figure 3.10)}, with Oz-stressed C. maculals
showing significantly higher 3"°N values than untreated C. maculata {one-tailed
student’s {-tests, tig = 2.94 and 4.47 for sites W10 and P1 respectively, P <
0.01). In addition, nodules of the Oz-stressed plants were distinctly green-white
in colour, indicating inactive nodules, while the untreated nodules were pink-red,
suggesting active N fixation (Vincent, 1870). A similar pattern was seen for C.
macifata grown in soil coflected from site P2, but the difference was not
significant (tg; = 1.62, P > 0.05). Os-exposure did not affect the 55N values of
the non-fixing E. fongifolia at any site, indicating that the treatment affected N-
fixation, as intended, but not scil N uptake or N cycling processes within the

potted soil,
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Figure 3.10, 4'"N values (%e) of Cyclopfa maculata and E. fongifofia grawn in field soil
collected from sites W10, P1 and P2, either fumigated with O; or untreated (n=5) Bars

are mean* SE, (** Denotes a significant increase in the fumigated treatment, Student's
ttests, P<0.01).

Oxygen-stressed Cyclopia maculata grown in scil from all 3 sites showed
significantly lower foliar total N values than untreated C. macufata grown in
these soils {one-tailed student's t-tests, ty, = 2.81 and 237 for W10 and P1
respectively, P < 0.01 and ts = 1.85 for P1, P < 0.05, Figure 3.11). No
significant differences in shoot total N were found between Og-stressed and

unireated Erharia fongifolia grown in any of the test soils {(F > 0.05).
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Figure 3.11. Shoot N (mg) of Cyclopia maculata and E. longifolia grown in field soil
collected from sites W10, P1 and P2, either fumigated with O, or subjected to no
treatment (n = 5). Bars are mean + SE. (** Denotes a significant decrease in the
fumigated treatment, one-tailed student's t-tests at P < 0.01 and * at P < 0.05).

3.4 Discussion

3.4.1 Field data

The non-fixing reference plants sampled from both the wild fynbos sites and the
Cyclopia plantations exhibited a wide range of 8'°N values, both positive and
negative. The "N natural abundance method gained popularity in agricultural
systems, where non-fixing reference plants exhibit a narrow range of positive
55N values (Amarger et al., 1979; Kohl et al., 1980; Bolger ef al., 1995; Sanford
et al., 1995). In those systems, the non-fixing reference plants generally utilise a
single soil N source, making it easy to determine the 8N value of soil N
available to the test legume. With fynbos species, however, the situation is more_
complex. The wide range of 5'°N values shown by the non-fixing plants in this
study correspond to those found by Stock et al. (1995) in their attempt to

estimate N, fixation in the fynbos invasives Acacia cyclops and Acacia saligna.
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Such variability has also been reported in other low-nutrient ecosystems, such
as those studied by Vitousek et al. (1989), Pate et al. (1993), Michelsen et al.
(1996), Nadelhoffer et al. (1996) and Chang & Handley (2000). The variability
suggests that a variety of N acquisition strategies exist in low nutrient systems
and reiterates the importance of careful selection of reference plants to ensure
that they reliably estimate the soil N sources taken up by test legume in the field.

3.4.1.1 Soil §'°N values

The direct analysis of finely ground soil estimated the 8'°N value of soil
organic N, which accounted for more than 98% of the soil N (Table 3.4). The
§'°N values of soil collected from the wild sites and plantations were positive and
ranged from 0.85 £ 0.04%. to 5.86 + 1.12%. (mean + SE, Figure 3.3). These
values correspond to those reported in the literature for tropical forests
(Yoneyama et al., 1993), temperate forests (Nadelhoffer & Fry, 1988; Gebaur &
Shulze, 1991; Koba et al, 1998), grasslands (Steele et al, 1981) and
Mediterranean scrub (Hansen & Pate, 1987; Stock et al.,, 1995). The positive
8'°N values result from a loss of *N-depleted N during site-specific N cycling
processes (such as denitrification and volatilisation), which leave the organic
N source enriched in '°N (Turner et al., 1983; Shearer & Kohl, 1986).

The §"™N values of these soils are lower than those reported by Shearer et al.
(1978), who surveyed 124 soils from 20 states across the USA and found an
average 5'°N value of 9.9%o, and those of Karamanos et al. (1981) who
reported a mean &N value of 9.2%. for soils of the central Saskatchewan.
Fynbos soils are N-limited and have low levels of N cycling, with fire as the
major means of nutrient release (Van Wilgen, 1982; Mitchell et al., 1986;
Stock & Lewis, 1986; Stock et al., 1988). N cycling in unburnt fynbos soils is
therefore “closed”, in that little N is lost through processes other than plant
uptake. This reduced loss of *N-depleted N, together with immobilization of
inorganic N into organic N (discriminating against °N in the process),
prevents organic N from becoming highly enriched in the fynbos system. The
soils measured by Shearer et al. (1978) and Karamanos et al. (1981), on the



Chapter 3. Selection of Reference Plants 74

other hand, were agricultural soils with higher N availability, more open N

cycles and increased N cycling, leading to positive §'°N values.

The Cyclopia plantations showed a narrower range of soil 8'°N values than the
wild sites, with consistently higher values. This may reflect increased N cycling
at the plantation sites due to increased soil disturbance through clearing and
ploughing. The increase in N cycling is reflected in higher NOy levels in the
plantation soils than in the undisturbed wild sites. This process of soil °N
enrichment with increasing openness of the N cycle is confirmed by studies
reporting increased bulk soil "°N values along increasing soil N availability
gradients (Garten, 1993, Garten & Van Miegrot, 1994; Hogberg et al., 1996;
Emmett ef al., 1998; Mulder et al., 2002; Craine & Lee, 2003).

3.4.1.2 Mycorrhizal associations

In this study, as in those by Hogberg (1990), Pate et al. (1993), Michelsen ef al.
(1996, 1998) and Handley et al. (1999), the 8'°N values of non-fixing reference
plants were influenced by their mycorrhizal associations. For the wild sites,
plants belonging to the ericoid mycorrhizal (ERM) and arbuscular mycorrhizal
(AM) functional groups had 8'°N values that were lower than the 5'°N values of
soil N. The values for the ERM group were consistently negative, ranging from —
2.0 to —8.2%., while those of the AM plants were more variable (Figure 3.3).
The data from the plantations showed the same patterns within a narrower

range of more positive values.

The ericoid mycorrhizal group

it is widely reported that ERM plants have access to organic N (Read, 1991;
Abuzinadah & Read, 1989, Read, 1996; Nasholm et al., 1998; Lipson et al.,
1999) and it may be expected, therefore, that the foliar "°N values of the ERM
group would approach those of soil N, which reflect the value of soil organic N.
The ERM values reported here were, however, significantly lower than those of
soil N. Foliar *°N depletion in ERM plants has been reported in a number of
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studies and is believed to be a consequence of fractionation during N transfer
from the fungus to the plant host (Michelsen et al.,, 1996; Schmidt and Stewart,
1997, Taylor et al., 1997; Gebauer & Taylor, 1999; Handley et al., 1999; Hobbie
et al., 1999; Hogberg et al., 1999; Hobbie et al., 2000). If ERM plants utilise only
organic N, fractionation in this study is between 5.5 and 10%., which
corresponds to the values reported in the above studies and with the 8 - 10%o
fractionation predicted by the NIFTE model of Hobbie et al. (1999). ERM
plants are however not obligatory users of organic N and have been reported
to access inorganic N sources, with a preference for NH4* (Jongbloed et al.,
1991, Stewart et al, 1993; Marschner & Dell, 1994). The contribution of
inorganic N to the total N uptake of ERM plants in the fynbos is unknown, but
as most N in fynbos soils is bound in the organic form, it is likely that the ERM
group, which is a dominant component of the fynbos flora, occupies a
specialised niche of organic N utilisation. If this is the case, then the depletion
in ERM foliar 8N values observed in this study can be explained by

fractionation during uptake of soil organic N via the ERM fungus.

The arbuscular mycorrhizal group

The influence of AM fungi on N uptake is not clearly understood. These fungi
have been shown to take up inorganic N through their hyphae (Ames et al.,
1984; Johansen et al., 1992; Hawkins & George, 1999) and recent data
suggests their ability to also take up limited amounts of organic N (Ibijbijen et
al., 1996; Nasholm et al., 1998, Hawkins et al, 2000). The fractionation
associated with the uptake of these N sources through the AM fungal hyphae
is thought to be less than 2%. (Handley et al, 1993, Azcon et al., 1998),
significantly less than that associated with ERM and ECM fungi. it follows that
fractionation alone cannot explain the lowered 8'"°N values exhibited by this
group and the foliar §'°N signatures of the AM plants therefore reflect, to some
extent, the combined signatures of the N sources taken up by the group. As the
values are significantly lower than those of soil N, it is unlikely that organic Nis a
major source of N available to AM plants in the fynbos. The group is more likely
to be utilising available inorganic N sources. Both NH,* and NOj™ are available in
small quantities in fynbos soils (Table 3.4) and the pattern of inorganic N uptake
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by AM plants in the fynbos remains to be clarified. Direct measurement of the
8'°N signatures of NH,* and NO5 would shed light on this subject, but isotopic
analysis of inorganic N was not accomplished due to the low quantities of
inorganic N present in these soils (1.1 - 3.6 mg.kg™" NH," and 0.5 - 8.0 mg.kg™
NOg3, Table 3.4). An understanding of the patterns of inorganic N uptake by AM
plants in the fynbos is achieved here by interpreting the indirect evidence

available.

It is commonly accepted that mineralization of organic N leads to N-depleted
inorganic N sources in the following order: Organic N > NH;* > NO3", with NOs
considerably more depleted than NH," (Feign et al., 1974b; Binkley et al., 1985;
Shearer & Kohl, 1986; Nadelhoffer & Fry, 1994; Hogberg & Alexander, 1995;
Hogberg, 1997). In open systems with high N availability, inorganic N sources
do not retain these &'°N signatures, but reflect total enrichment or depletion due
to site-specific N cycling processes such as volatilisation, denitrification and
immobilization (Garten, 1993; Garten & van Miegroet, 1994; Hogberg &
Johannisson, 1993). In closed, N-limited systems like the fynbos, inorganic N is
in demand and is taken up by plants before it is lost from the system. The §'°N
signatures of inorganic NHs" and NOj in these systems are therefore more
likely to reflect the depletion order given above. If the 5'°N values of the AM
group reflect those of the N sources they utilise, and the inorganic N sources in
fynbos soils reflect the depletion order given above, then it is likely that the
negative foliar 8'°N values obtained here for the AM group reflect the
preferential uptake of the '°N-depleted NOs™ source. The preferential uptake of
NO3™ by AM fungi has been shown in AM Lactuca sativa (Azcon et al., 1992)
and Cucumis sativum (Johansen ef al.,, 1992). Bago ef al. (1996) have also
reported the active uptake of NO3™ by the AM fungus Glomus intraradices. Field
studies by Atkin ef al. (1993), Nadelhoffer et al. (1996) and Michelsen et al.
(1996) have shown that non-mycorrhizal and AM plants in the N-limited arctic
tundra utilise NO3', even in the presence of NH4', and that these NO3-utilising
plants exhibit lower foliar '°N values than other taxa with less dependence on
NO3.
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The positive correlation between the mean AM foliar 8'°N values and the
percent foliar N across sites supports the idea that AM foliar 5'°N values reflect
those of the N sources utilised, rather than fractionation associated with N
uptake through AM structures. Percent foliar N is an estimate of N availability, as
shown in both laboratory experiments (Ingestad et al., 1986; Ingestad & Mc
Donald, 1989) and field studies (Bormann & Sidle, 1990), and is used here to
estimate soil N availability at the study sites. As N availability increases across
sites, the N cycle becomes more open and inorganic N sources more enriched
in "SN. This is reflected in an increase in the foliar 5'°N values of the AM plants
utilising these inorganic N sources. The wild site with the highest N availability
(site W4, foliar N = 2.28 = 0.09%, Figure 3.5) was bumt the year prior to
sampling. In the fynbos, fire releases available N and increases volatilisation,
temporarily transforming the system from a closed to an open system (Stock &
Lewis, 1986; Stewart et al., 1993). Post-fire inorganic N sources are therefore
enriched in N, reflected here in the enriched AM foliar 5'°N values at this site
(mean 8N = 2.87 + 1.25%, Figure 3.5). Similarly, the 8'°N values of the AM
group at plantation P1 were all positive. This site was previously a protea
plantation fertilized with (NH4).SO4 fertilizer (Mr. Christi Stander, famer,
personal communication). It is plausible that these fertilizer applications
artificially increased inorganic N availability, increasing losses from the system
and enriching inorganic N sources. This enrichment is again reflected in
positive AM foliar 8'°N values (mean 8N = 5.39 + 0.60%o). In the N-limited,
closed systems represented by foliar N values of < 1.0%, the AM 8'°N values
were all negative and ranged from —1.6 to — 6.1%.. The negative AM foliar §'°N
values of these closed, N-limited sites suggest a preference of AM plants for
NOj3".

The greater variability in AM 5'°N values within and across sites, compared to
those of the ERM group, could be due to less stable §'°N values in inorganic
N compared to organic N sources and to varied physiological processes
across taxa. For the AM group, 21 genera belonging to 12 families were
sampled, while only 2 genera (Erica and Salaxis) of the single Ericaceae

family were sampled for the ERM functional group.
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The non-mycorrhizal group

The NM functional group showed a pattern of §'°N values different from those of
the ERM and AM groups. The group exhibited a variety of §"°N values that were
both positive and negative, varying in their relation to soil 8"°N. At 6 of the wild
sites, the NM foliar "°N values were lower than that of soil N, while at 4 sites the
values were not different from soil N. The NM group consisted mainly of
members of the Proteaceae (98% of genera sampled), a family that has the
ability to use both forms of inorganic N, with a preference for NH4" (Stock &
Lewis, 1984). It is widely accepted that fractionation of N during uptake by NM
plants is negligible when N is in demand (Mariotti et al, 1982; Evans et al.,
1996; Evans, 2001; Kolb & Evans, 2003) and, as the fynbos is N-imited,
fractionation during N uptake by NM plants should be minimal. The foliar 5'°N
values of the NM group therefore reflect that of the N sources utilised by the
group. At the wild sites, where NM foliar 5'°N values equal those of the soil N,
the group is most probably utilising its favoured NH4" source. There was a
change in N acquisition by the group at sites W1, W2, W3, W8, W9 and W13.
This change can be explained by the positive correlation between the difference
8N il - 8'°N nm (depletion from bulk soil N value) and the clay content of the
soils (Figure 3.6). Soils with a high clay content fix available NH,* (Brady, 1990),
leaving NO3™ as the available inorganic N source. NM plants possibly convert to
using the available NO5™ at these high clay sites, reflected in depleted foliar 5'°N
values that resemble those of the NO3™-utilising AM group.

3.4.1.3 Plant-available soil N §'°N values

It was not possible to directly measure the 8'°N signatures of plant-available
(inorganic) N extracted from field soils in this study, as the quantity of N
extracted was too low for N isotope ratio analysis. Nonetheless, the
methodology employed gave reproducible results for NH," and NOj™ distilled
from a prepared standard solution and could be used to measure the §'°N
values of the two N sources in field soils with higher levels of inorganic N.
Fractionation levels for NHs" and NO3 were 2 and 4%o respectively (Figure
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3.8). The higher fractionation level associated with NO3” was most probably due
to its lower percentage recovery compared to NHs" (87% as opposed to 102%
for NH4"), as incomplete reactions leave behind '’N-enriched substrate and
produce '°N-depleted products (Kohl et al, 1986). To obtain accurate
measurements, the 5'°N values of extracted NH,* and NO5;” would need to be

corrected using the above fractionation factors.

3.4.1.4 5'5N with soil depth

Soil depth did not affect the 5'°N signatures of total soil N or plant available N
(estimated using the small-seeded grass Erharta longifolia) at the wild site
examined or at plantation P2. A number of studies have reported an increase in
8'°N with soil depth (Mariotti et al., 1980; Ledgard et al., 1984; Gebauer &
Shulze, 1991; Nadelhoffer & Fry, 1994), interpreted as the product of age-
dependent mineralization, with younger (surface) N less mineralised and hence
less enriched in 'N. Other studies have produced contrary results, with
increased 8N values in surface horizons compared to deeper soils
(Karamanos & Rennie, 1980; Virginia et al., 1988; Schimel et al., 1989; Handley
& Scrimgeour, 1997), believed to result from increased N availability and N
cycling in surface soils. In this study, while soil N and foliar N of E. longifolia
decreased significantly with depth (data not shown), there was no corresponding
increase or decrease in 8'°N values (Figure 3.7). This implies that N is limited at
all depths in the fynbos and that the closed N cycles at each depth produce N

sources with similar 8'°N signatures.

Plantation site P1 showed a decline in plant-available 8N with soil depth
(Figure 3.7). This site was previously fertilized with surface applications of
(NH4)2S0, (Christi Stander, farmer, Personal communication), increasing N
availability and enriching the 8'°N of inorganic N sources. The increased N
availability and 8'°N enrichment did not extend to soils more than 90 cm below

the surface.
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The foliar §"°N values of E. longifolia were higher than those of soil N. As the
soils were N-limited, the 8'°N values of plant-available N (E. longifolia) should be
depleted relative to organic N (following the mineralization process). It is
suspected that in this study, plant culture in potted soil created anaerobic
conditions and possibly denitrification, producing N-enriched inorganic N
sources in the system and in E. longifolia. Many studies have reported
denitrification in potted soil and consequent high plant "°N values (Turner et al.,
1983; Bergersen et al., 1988; Virginia et al, 1988; Handley et al, 1993;
Hogberg, 1997; Azcon ef al., 1998). Nonetheless, assuming that denitrification
occurred at the same rate for all soil depths, the finding that no change in plant-
available 8'°N values occurred with increasing soil depth holds true. The
practical implication of this finding is that rooting depth is not a major
consideration when selecting suitable reference plants in the field. This is a
major advantage when working with perennials, where assessing rooting
patterns is destructive and time-consuming.

3.4.2 Alternative reference plants

3.4.2.1 Small-seeded grass grown on field soil

As with the soil depth study, the 8'°N values of E. fongifolia grown in field soils
reflected N cycling processes stimulated by the potting process, rather than the
8'°N values of inorganic N available to plants in the field. For soils collected from
the wild sites and plantations, foliar '°N values were enriched by up to 6 and
2% respectively compared to soil N (Figure 3.9). These data are consistent
with those of Virginia et al. (1988), who grew Prosopis in field soil under
glasshouse conditions and found enrichment of up to 4%o relative to total soil
N. The potting process had less of an effect on the plantation soils than on the
 soils collected from the undisturbed wild sites. This may be due to already-open
N cycles in plantation soils from previous ploughing disturbance. It is clear that
growing small-seeded plant species on potted field soil is not a suitable
alternative to field reference plants as the foliar §°N values of the potted plants
do not reflect that of the inorganic N sources available to the test legume in the
field, but rather the disturbed N cycling processes of the pot environment.
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3.4.2.2 O--fumigation experiment

The non-fixing, small-seeded Erharta longifolia grass grown under O-stress
showed equivalent total N and &'°N values to the untreated E. longifolia plants,
confirming that O,-fumigation had no effect on N cycling processes within the
potted soil (Figures 3.10 and 3.11). The fumigation did however, as intended,
effectively disrupt nodule function in Cyclopia, creating a non-fixing “isoline” of
the legume. Inactive nodules and significantly higher 8"°N values, compared to
the No-fixing plants, showed this. The §'°N of the potted, O,-stressed, non-fixing
Cyclopia isoline were, however, higher than those of the reference plants in the
field, suggesting that denitrification occurred in the potted soil, as for the
experiment above. The Oxfumigation method therefore had the same
drawbacks as the small-seeded grass experiment and cannot be used to

estimate the 8'°N value of soil N taken up by Cyclopia in the field.

The experiment does, however, indicate that Cyclopia species growing in fynbos
soils are, to a large degree, dependent on N, fixation for their N nutrition. The
O -fumigated plants grew poorly on soil N, while the untreated, Ny-fixing
Cyclopia grew to almost double the biomass of fumigated plénts and accrued
double the quantity of foliar N. These results were obtained without rhizobial
inoculation, using soil collected away from Cyclopia plants and it is suspected
that No-fixation may have been limited by low numbers of suitable rhizobia.
Dependence on Ng-fixation may therefore be even higher in the field where

rhizobial populations are high.
3.5 Conclusions

in this study, the use of field and alternative reference plants were
investigated as methods of measuring the §'°N value of soil N taken up by
Cyclopia to estimate the dependence of Cyclopia on atmospheric N, fixation in
the wild and under cultivation. Mycorrhizal associations were shown to have a
major influence on reference plant foliar 8'°N values, affecting both the soil N

source utilised by the host plant and the fractionation associated with N uptake.
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An understanding of these effects was gained by interpreting patterns in §°N
signatures across many field sites. Indirect evidence indicated that ericoid
mycorrhizal associations allow members of the Ericaceae family access to soil
organic N and that these fungi cause major fractionation during transfer of N
from the fungus to the host. Plants with arbuscular mycorrhizal associations
appeared to be utilising inorganic soil N sources, with a preference for NO3
sources. Plants without mycorrhizal associations (mainly Proteaceae), on the
other hand, seemed able to switch between inorganic N sources, showing a
preference for NHs" when available. These ﬁndings shed some light on N
acquisition strategies in the fynbos, a topic that is under-explored due to
methodological difficulties. To substantiate these findings, further investigations
using "N to trace N uptake patterns in the fynbos are required. Interpretation of
natural 'N abundance field pattems would be aided by the direct analysis of the
inorganic N pools available to plants in the field. Techniques for measuring the
8'°N signatures of inorganic N sources need to be developed further, with an
emphasis on concentrating inorganic N levels prior to distillation without altering
their isotopic signatures.

The alternative glasshouse-grown reference plants investigated in this study
did not provide reliable measures of the N available to Cyclopia in the field, as
potting significantly altered soil N cycling processes. This was reflected in
enriched foliar §"°N values in the potted reference plants, which reflected the
pot-induced N cycling processes rather than the §'°N signatures of N sources
available to Cyclopia in the field. While the glasshouse experiments did not
provide suitable reference plants, they did provide evidence on the N fixing
ability of Cyclopia. The Ox-fumigation experiment showed Cyclopia growing on
fynbos soils to be highly dependent on No-fixation, as Cyclopia grown with O
disrupted nodule function showed exceptionally poor growth. Unfumigated, No-
fixing Cyclopia grew to almost double the biomass of fumigated plants and
accumulated double the quantity of foliar N without any inoculation, indicating a
major dependence on Nz-fixation in fynbos soils. This dependence on N; fixation

was further substantiated by the §'°N values of wild and cultivated Cyclopia in
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the field, which lie close to 0%, indicating that the species obtained its N from
the fixation of atmospheric Na.

This study has proved successful in selecting suitable reference plants for the
quantification of N2 fixation levels in wild and cultivated Cyclopia. The basic
assumptions of the '>N natural abundance method are that the soil N taken up
by the reference species are the same as that available to the legume and
that the reference species and the test legume have the same level of
fractionation associated with the uptake of soil N. The study has shown that,
to ensure the basic assumptions of the "N natural abundance method are
met, reference plants need to be selected from plants growing in undisturbed
soil near the legume (rather than in potted soils) and must belong to the same
mycorrhizal functional group as the test legume. The Cyclopia genus is known
to form associations with arbuscular mycorrhizae (Beatrix Baumann, Plant
Protection Research Institute of South Africa, personal communication and
verified in pot experiments by inoculating Cyclopia species with the arbuscular
mycorrhizal symbiont Glomus mosseae). Therefore, the most suitable
reference plants for estimating N fixation in Cyclopia in the field are non-
fixing, arbuscular mycorrhizal plants growing on undisturbed soil in the vicinity
of the test Cyclopia plants. In the natural fynbos ecosystem, the reference
plants need not have identical rooting patterns to Cyclopia, as soil 5'°N values
were found to be homogenous with depth. It is advised, however, that as
many AM reference plants as possible be sampled from a study site to reduce
errors associated with the variability in N uptake patterns across taxa.
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Chapter 4

Estimates of symbiotic N, fixation in wild and cultivated
Cyclopia.

4.1 Introduction

Honeybush (Cyclopia) has the potential to become a widely planted cash crop
in the Western Cape. Yet, while the genus is leguminous, its N nutrition and
dependence on N, fixation have not yet been investigated or quantified.
Quantifying and maximizing the dependence of Cyclopia on N, fixation, and
the efficiency of the symbiosis, should allow Cyclopia to gain sufficient N from
atmospheric sources to obtain its yield potential. This could reduce the need
for chemical N fertilizer inputs, benefiting emerging small-scale farmers in the
Cape and advancing the crop’s status as an organically farmed health
product. The aim of this study is to verify and quantify the No-fixing status of 5
Cyclopia species of potential economic importance in South Africa.

In this study, N fixation levels were estimated for Cyclopia species growing
under cultivation and in the wild to determine, through comparison, whether
existing Cyclopia plantations are achieving their full Ny fixing potential. if, for
example, a legume shows a low level of N, fixation under agricultural
conditions, but natural populations show a high dependence on N fixation for
their N nutrition, then the genus has the potential to achieve higher levels of
fixation in the agricultural setting. This can be attained through the application
of agricultural management strategies aimed at enhancing N; fixation, such as
soil amelioration, legume selection and inoculation with a more effective
rhizobial symbiont (Sanginga et al, 1995). Conversely, a species that
supports poor fixation in the wild (like many Acacia species, Danso et al.
1995; Dommergues 1987; Pate ef al., 1998; Sprent & Parsons, 2000), may or
may not respond to agricultural strategies to enhance its level of N, fixation,
depending on whether low Ny fixation in wild plants is a consequence of
limiting environmental factors or of the plants’ genetic makeup.
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Dependence on N, fixation can be estimated using the "°N natural abundance
method, which is the only method currently available for making integrated
estimates of N, fixed by long-lived, deep-rooted perennials in the field. The
major problem limiting the broad application of this method is the complexity of
selecting reference plants that accurately measure the N abundance (§'°N
value) of soil N taken up by the test legume (Shearer & Kohl, 1986; Bremner et
al., 1993; Pate et al., 1994; Unkovich et al., 1994). In the previous study
(Chapter 3), it was found that non-fixing arbuscular mycorrhizal plants growing
in the vicinity of the test Cyclopia are the most suitable reference plants for
estimating N fixation in wild and cultivated Cyclopia using the "N natural
abundance method. It was established that these reference plants need not
have identical rooting patterns to Cyclopia, but that as many reference plants
as possible should be sampled to reduce errors associated with variability in

N uptake patterns across taxa.

4.1.1 Reliability of Psy estimates

Using the N natural abundance method, percentage N derived from N,
fixation (Psx) was estimated according to the following equation of Shearer &
Kohl (1986):

(8"°N reference — &'"°N legume)
Prix (%) = X100
(6"°N reference - B value)

where 8N reference is the §'°N value of the non-fixing reference plant, §'°N
lequme is the mean §'°N value of the test legume and the B value is the §"°N
value of the inoculated test legume grown in an N-free growth medium, wholly
dependent on N fixation for its N requirements. The B value replaces the
value of atmospheric N, as it incorporates the isotopic fractionation associated

with N» fixation.

The accuracy of Pgy estimates depends upon how accurately the reference
plants reflect that of soil N taken up by the legume and the B value reflects the
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8'°N value of fixed N. Suitable reference plants are difficult to select for
perennial legumes in the field and are a common source of error in Pgy
estimates, a problem that is widely acknowledged in the literature (Ledgard et
al., 1985; Bremer et al., 1993; Pate et al., 1994) and that was the focus of the
previous study (Chapter 3). The B value generally has less of an impact on the
accuracy of Py estimates, as the level of isotopic fractionation associated with
N, fixation is low, usually < 2% (Ledgard, 1989). Nonetheless, B values do
affect the accuracy of Py, estimates, particularly when estimates are high or
when the difference between the B and the reference values is low (Unkovich et
al., 1994; Peoples et al., 1997). Studies have shown that both partners in the N»-
fixing symbiosis influence the B value (Kohl et al., 1983; Steele et al., 1983;
Bergersen et al.,, 1986; Hogberg, 1997; Peoples et al., 1997; Riffkin et al.,
1999) and, to obtain accurate measurements of B, the rhizobial strain and host
legume used to measure B should reflect the field situation as closely as

possible.

The "N natural abundance method was originally developed using annual
grain and pasture legumes (Amarger et al., 1979; Bergersen & Tumer, 1983;
Unkovich et al., 1994; Peoples et al., 1997). Selecting reference plants for these
legumes is relatively simple and they generally have positive foliar 5'°N values
that are significantly higher than the B value for the crop, allowing reliable
estimates of N, fixation to be made (Domenach & Cormman, 1984). Applying the
methodology to perennial legumes has posed problems, as these legumes have
more complex N uptake pattems than annual legumes and have evolved many
specialised nutrient uptake mechanisms that alter the source and fractionation
of soil N uptake. Foliar &'°N values of perennial reference plants generally show
high variability and are often negative or approach the B value for the test
legume. These unexpected results have caused researchers working in many
different ecosystems to abandon the "°N natural abundance technique as a
method for quantitatively estimating Psx in perennial legumes. For example,
Hansen and Pate (1987, Jarrah forests of Australia), Vitousek et al. (1989,
Hawaiian rainforests), Pate ef al. (1993, Banksia woodlands of Australia), Stock
et al. (1995, Cape fynbos in South Africa) and Handley and Scrimgeour (1997,
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Scottish old field) have all considered the method unsuitable for estimating Psy.
Other researchers have persisted with the method and often report estimates of
uncertain and sometimes misleading accuracy.

The impact that the accuracy and variability of isotopic signatures has on the
reliability of Ps, estimates is dependant on how far apart the 8N signatures of
the two sources are (i.e. the difference between the mean reference plant
8'°N value and the B value, referred to in this study as the D value).
Confidence of Pgy, estimates increases with increasing separation of values
(Domenach & Corman, 1984; Unkovich et al., 1994; Phillips & Gregg; 2001).
Just how large the D value needs to be in order to reliably estimate P;yx has
not been discussed in detail in the literature, although a number of qualitative
suggestions have been made. Hogberg (1997), for example, states that: |
recommend the application of the 8'°N natural abundance method for
quantification of No-fixation in ecosystem studies only when the §'°N value of
the reference species deviates > 5% from that of N derived from N, fixation”.
Peoples et al. (2001) suggest a lower minimum D value of 2%. to provide

reliable estimates of Psg,.

Unkovich et al. (1994) performed sensitivity analyses on the influence of the D
value and the analytical precision of 5'°N measurement on the precision of Py
estimates in crop and pasture legumes in South West Australia. They showed
that a 10% precision in Py, estimates is achieved when the D value is ten
times greater than the error of the mass spectrometer. For example, given an
analytical precision in 8'°N measurement of + 0.2%o, a D value of at least 2%
would be required to detect a change of 10% Ps. This calculation does not,
however, consider the variability of 8'°N values associated with heterogeneity
in the field, a much larger source of variability than analytical errors. Phillips
and Gregg (2001) carried out further sensitivity analyses and showed the
minimum permissible D value to be a function of the variability associated with
source and mixture 8'°N values (incorporating analytical variability). When
variability in 8'°N values is low, a low D value (even < 2%o) can provide

reliable Psy estimates and similarly, where errors around the sources and
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mixture are high, the D value needs to be large to provide reliable estimates
Of Pﬂx.

4.1.1.1 Reporting the confidence of Py, estimates

Little attention has been paid to the correct calculation of the variability
surrounding Py, estimates. The key "°N natural abundance review by Shearer
and Kohl (1986) presents equations for calculating standard errors for No-
fixation estimates based on the errors associated with both N sources
(reference and B values) and the legume. Many studies, however, report Pgy,
estimates with no confidence intervals and others give errors based solely on
the isotopic variability of the legume. This is the case for numerous studies on
grain and pasture legumes (Amarger et al., 1979; Yoneyama et al., 1986;
Sanford et al., 1995; Carranca et al., 1999; Maskey et al., 2001; Wanek &
Arndt, 2002) and is also apparent in several of studies on perennial legumes
(Yoneyama et al., 1990 and 1993; Sprent et al., 1996; Peoples et al., 1996;
May & Attiwill, 2003). Furthermore, the "N natural abundance review by
Hogberg (1997), which follows that of Shearer and Kohl (1986), does not
consider the calculation of errors associated with Py, estimates. Hogberg (1997)
acknowledges that the "N natural abundance method should not be employed
where the variability in reference plant "°N values is unusually large, but does
not quantify the statement. This lack of attention to the errors associated with Py
estimates is not only misleading in terms of reporting the actual dependence of
legumes on N fixation, it is unsound for the statistical comparison of estimates.

Peoples et al. (1991) suggest a paired sampling method in the field to reduce
the variability associated with heterogeneity in soil 8'°N values. Ps is calculated
for each legume-reference pair and a standard error calculated from the
variability in estimates. Unkovich et al. (1994) used the paired sampling method
to calculate errors associated with Py, estimates of crop and pasture legumes in
south-western Australia and other researchers working in Australian
environments have followed suit (Armstrong et al., 1994; Brockwell et al.,
1995; Sanford et al., 1995; Schwenke et al., 1998). The method incorporates

the variability associated with reference plants to some degree, but disregards
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errors associated with the B value. As B value errors are often similar to those of
the reference plants and legume, they can make a substantial contribution to the
total error of Pg and should not be ignored.

Phillips and Gregg (2001) were the first to directly address the problem of
reporting realistic error values with Psyx estimates and they provided formulas
to calculate standard errors and confidence intervals associated with Py
estimates. Their equations, which are available in worksheet format at

hitp://lwww.epa.qov/iwed/pages/models/isotopes/isoerrorit _04.htm., account

for variability in isotopic signatures of the sources (reference plant and B
values) and the test legume. These worksheets make reporting realistic Pgy
estimates a simple task and should contribute to our understanding of the

actual dependence of legumes on N fixation in wild and cultivated systems.

In this study, the "N natural abundance method is used to determine the
dependence of both wild and cultivated Cyclopia populations on N fixation for
their N nutrition. The reference plant 5'°N values used in this study were those
of the non-fixing arbuscular mycorrhizal plants selected in the previous study
as suitable reference plants for field-grown Cyclopia. B values were measured
for each situation, to reflect as accurately as possible the value of
symbiotically fixed N for each site. Psx estimates are presented with realistic
confidence values calculated using the equations of Phillips and Gregg
(2001), which incorporate the variability in 8'°N values associated with both N

sources (reference plants and B value) and Cyclopia.

4.2 Methodology

4.2.1 Sampling in the field

4.2.1.1 Field sites

Sampling was carried out at 13 wild, undisturbed fynbos communities (sites W1
to W13) and 6 Cyclopia plantations (sites P1 to P6) situated throughout the
Western Cape of South Africa. The sites and soil characteristics were described
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in detail in Chapter 3. The wild fynbos study sites were located within
conservation areas and each contained indigenous Cyclopia populations. The
Cyclopia species present were Cyclopia subternata (sites W1, W2 and W3),
C. genistoides (sites W4, W5 and W6), C. intermedia (sites W7, W8 and W9),
C. maculata (sites W10 and W11) and C. sessiliflora (sites W12 and W13).
The plantation sites were ftrial Cyclopia plantations set up by the National
Botanical Institute of South Africa, 2 to 4 yrs before sampling. The trials were set
up on commercial farms and on community development sites across the Cape
to assess the agricultural potential of the Cyclopia species given above. The

plantings each contained between one and 5 of the above species.

4.2.1.2 Field sampling

Field sampling was carried out in September (1998) to coincide with the
seasonal peak in nodule formation that occurs in the fynbos during late winter
to spring (Cocks & Stock, 2001). In search of nodules, lateral roots of
Cyclopia plants at each site were excavated as far as possible without
uprooting the plants. Nodules were removed from the roots and stored in vials
on ice until they were transferred to the laboratory. Rhizobia were isolated
from the nodules by streaking loopfuls of nodule crush onto yeast-mannitol
agar (YMA) plates (Vincent (1970), see General Methodology, Chapter 2).
Prior to crushing, nodules were sterilised by rinsing in 95% ethanol and
soaking in 0.1% HgCl, for 3 minutes, followed by repeated rinsing in sterile

water. Isolates were stored on YMA slants in sterile McCartney bottles at 4°C.

4.2.2 Bvalues

For each study site, pre-germinated Cyclopia seedlings of the appropriate
species were planted into 3 replicate sterile Leonard jar assemblies (Vincent
(1870), see General Methodology, Chapter 2). The Leonard jars were
supplied with N-free Y strength Hoagland’s nutrient solution (Hewitt, 1966).
Rhizobia isolated from field nodules collected from the study sites were used
to inoculate the Leonard jars (between 3 and 5 isolates per site, see General
Methodology, Chapter 2). Isolates were each grown in yeast-mannitol broth
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(YMB, Vincent (1970)) at 22°C to 0.6 ODgoy and the cultures from each site
thoroughly mixed to form one inoculant per site. For each site, 1mL of
inoculant was applied to each of 3 replicate jars. Three uninoculated jars per
species served as negative controls. Jars were arranged in a completely
randomised block design in a glasshouse that provided a 14-h day and 10-h

night with a temperature range of 18 - 28°C.

The plants were harvested after 3 months, the leaves separated from each
plant and oven-dried to a constant mass at 40°C. The dried material was
ground to a fine powder using a ball grinder (MM200, Retsch Ltd., Germany)
and stored in tightly capped vials for N isotope analysis. To calculate the
quantity of "°N contributed by the seed, leaves from germinated seed of each
species were dried, ground to fine a powder and stored for "N isotope
analysis.

4.2.3 "N isotope analysis

The §'°N values of samples (for B value determination) were assessed using a
Carlo Erba NA 1500 elemental analyser (Fisons Instruments SpA, Strada
Rivoltana, ltaly) coupled to a Finnigan MAT252 mass spectrometer (Finnigan,
MAT GmbH, Bremen, Germany) via a conflo Il open-split device and expressed
relative to atmospheric N,. The methodology is described in detail in Chapter 2.
The resulting 8'°N values were corrected for the quantity of >N contributed by -
the seed using the foliar 5'°N values of the germinated seed, as described under
General Methodology (Chapter 2).

The 8'°N values of Cyclopia were determined in the previous study (Chapter
3) and the reference plant 5"°N values were those of the non-fixing arbuscular
mycorrhizal (AM) reference plants selected as the most suitable reference
plants for estimating N fixation in Cyclopia under field conditions (Chapter 3).
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4.2.4 Py, estimates

The percentage N derived from N fixation (Ps) by Cyclopia in the field was
determined according to the equation of Shearer and Kohl (1986):

(8"°N reference — 5'°N legume)
Pﬁx (%) = X100
(6"°N reference - B value)

Variance and standard errors associated with Ppy estimates were calculated
according to the equations of Phillips and Gregg (2001):

1 ;
°2= 15 15 s X [SEIegmme2 + (Pﬁxz X SEB valuez)] + {<1'Pﬁx)2 X SEmfemnceZ]
(8 NBvalue -0 Nre!emnce)

where SE = Vo2

Upper and lower 95% confidence intervals were calculated using two-tailed
Student’s t tests for o = 0.05 and y degrees of freedom, where y represents
the Satterthwaite approximation for the degrees of freedom associated with ¢°
(Phillips & Gregg, 2001). The Py and standard error values were multiplied by
100 to obtain a percentage value. Py, estimates and confidence limits have
been truncated at 0% and at 100%.

4.3 Results

4.3.1 Assessment of field nodulation

Excavation of lateral roots was possible at all sites except sites W2
(Outenigua Pass) and W9 (Anysberg), where the plant roots grew deep into
rock crevices. Excavations found active nodules on each Cyclopia plant
examined, confirming the N, fixing ability of these species. Nodules had an
indeterminate growth form and those harvested from older plants in the wild

were notably elongated (Figure 4.1 A, B), while those from younger plants
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sampled at the plantations were rounder (Figure 4.1 C). The nodules had a
red-brown, woody outer layer that was removed before crushing to isolate
rhizebia. Intarmally, they were pink-red in colour, suggesting active N fixation
(Vincent, 1970; Sprent, 1389),

Figure 4.1. Cyclopia nodules harvested from wild (A and By and cultivated plants ().

4 3 2 Estimates of Py, in wild and cultivated Cyclopia

4321 a"N valuas

The &°N values ohtained for Gyelopfa and lor the AM referance planis in the
field, together with the B values measured for each site are given in Table 4.1
The D value, which iz the diference between the mean &'°N value of the
roference plants and the £ value, is also caleulated fur each sile. The data are
presented graphically for the wild sites in Figure 4 2 and for the plantations in

Figure 4.3,

The B values showed litlle variabilily within sites and were relatively
consistent across sites, ranging from — 1,259 to — 0.24% and — 1,71 to — 0.35%,
across the wild sites and plantations respectively. The referance plant &N
values, on the other hand, were varable both within and across sites. The
reference planl values were ganerally negative for the wild siles and were
significant’y lower than the B value for many sites (i.e. a high O value}. The

reference plant values wore more positive for the plantalions and, in contrast to
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the wild sites, were significantly higher than the B values at plantations P1, P4
and P6 {Student’s ttests, P < 0.05). At a number of sites, the reference plant
3'°N values were similar to the B values (a low D value), suggesting that these
sites were not suited to the "°N natural abundance method. For example, at wild
sites W2, W6, W7 and W10, and plantations P2, P3 and P5, the reference plant
5"°N values did not differ significantly from the B values (Student's t-tests, P >
{.05).

The §'°N values of Cyclopia were less variable than those of the reference
plants and showed exceptionally low variability within sites. The values were
remarkably close to the B value at each wild site, except at sites W1 and
W13, At site W13, the §"°N value of Cyclopia sessiliffora was significantly lower
than the B value {Student's ttest, tg = 8.48, P < 0.01), indicating less
dependence on N: fixation at this site than at the other wild sites. The 5N
values of Cyclopia at the plantations were generally higher than the wild sites.
Plantations P1, P2, P3 and P6 showed Cyolopia 3"°N values significantly higher
than the measured B values (Student's t-tests, P < 0.05), suggesting that
cultivated Cyclopia has lower dependence on N fixation than natural

populations of Cycfopia.
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Table 4.1 3N values (mean 4 SE %) of Cyclopia for sach study site. nd = 5'°N value
not detenmined.

Site Species Cyclopia AM references 8 value Dvalue'  Sign.?
Prezent
Wild siles
Wi . sublamata 1794019 -535+040 0244013 5.4 .
w2 €. subterrala -1.008 £ 0,11 0354205 nd -
W3 . subternala -0.36 £ .06 5,36 1 1.19 -0.B5+0.32 4.51 .
W4 C. genistoides 0A1£018 2AT+1.24 DA+ D20 3.40 .
W5 . penistoidas -0.3B £ 007 5,06 & 1.52 -0,A6 £ 021 4.20 .
W6 C. genistaides -1.3B £ 0.1R -3,37 + 2 44 100012 237
w7 O intermedia 083 £0.21 210 £ 045 nd -
Wi C. intarmedia -0.63 £0.15 4,65 + 0,46 21,29 + 0.44 336 »
wa €. intermadia -0.750.33 -5.31 + 1.61 -0.54 + 0,19 4,77 *
wio C. maculata 094 2 0406 (.48 £ 0.54 S50 4 0,20 0.98
Wit C. maculata -0.84 009 ~2.01 £0.52 0,894 014 142 "
w1z C. sassififlora 022 +013 -2 EG = 1.09 07T +0.14 1.92 *
W13 C. sessififtora 3A4 4023 A0 £034 050 1 D04 5.56 +
FPlantations
[ C. subternata 1.1240.24 5139 + 0.60 187+ 015 6.36 *
C. genistoides 0.22 10,11 1121012 .51 #
. sessiifiora 0.16 1 0.54 -0.854 0.27 fi.24 .
C. maculala 0,334 0,18 -1.05¢0.12 6.44 f
P2 . sublemata A651 010 070 0.86 074+ 018 1.44
C. ganisisides 0.70+0.23 -1.04 £ 0.22 1,74
C. macitala 024 0,11 088+ 0.2 1.59
P3 £ subtamata 0.46 ¢ 0.42 0.74 2078 1,71 £0.30 245
C. gemistoidas 0.62 +0.34 1,82 + 0.07 1.56
C. sessififiors 0.27 £ 0.23 -0.68+ 0.05 1.42
C. Intermadia 133 4 0 -1.11 + (.38 183
[F] . subtemata 068+ 0.08 062 + 0.41 35+ 027 0.97
. genisioides 0241015 -0.80 £ 0.09 1.42 .
C. sessififfora 080+ 0.12 066+ 0.30 1.28 »
C. intermedia A £ 2 .67 2013 1.29 %
P5 C. genfstoidas 06 £ 008 204 + 1.0B 0,54 + .32 258
PE €. genisivides 4118 £ D04 =2.601 037 081 +0.21 1.75 s

' The O value is the difference between the mean reference plant value and the B value,

? + Denotes a significant difference batweer the 8 value and the &N value of the refererce
plants for a site {determined by two-talled Student's t-tests, & < 0.05), dengting potential

suitabifity for application of "N natural abundance methedology
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Figure 4.2. Foliar 8"°N values (%:) of Cyclopia, reference plants and the B value for
each wild site. Values are mean + SE. "x" denotes a significant difference hetween the
B value and the 3N value of the reference plants (high D value) and "+ denotes a
significant difference between the B value and the 8"°N value of Cyclopia for a site (low
dependence on fixation) using two-tailed Student's t-tests, P < 0.05.
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Figure 4.3. Faliar 3N values (%} of Cyclopia, reference plants and the B value for
each plantation. Values are mean = SE. Symbols "x" and “«" replicate those of figure
4.2. Letters are as lollows: R = reference plants, Su = Cyclopis sublemnata, G = C.
genistoiges, 5e = C. sessififfora, M = C. maculata and | = C. imtermedia.
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3.2.2 Py, estimate

Py estimates calculated for each study site are presented in Table 4.2
together with standard errors and upper and lower 95% confidence intervals.
Figure 4 4 shows the estimates in a graphic form. Graphic estimates are not
shown for sites W2, W10 and plantations P2 (C. genistoides) and P3 (C.
sessiiffora), At site W2 and plantation P43, the &N values of Cvelopia fell
outside the B value - reference plant range, making these sites unsuitable for
the application of '°N natural abundance methodology. Site W10 had a low D
value of 0.98%., reducing the reliability of the Ps. estimate to an unacceptable
level (L 42% SE). The Pk, estimate for C. genistoides at plantation P2 was also
unreliable (= 51% SE) due to a low O value and to relatively high variability in 8

and reference plant 5'°N values.

The P cstimates were generally high for Cyclopia growing at the undisturbed
wild fynbos sites, with the exception of site W13, where C. scssiifiora was
estimated to depend on N, fixation for only 44 + G% (mean = SE) of its N
supply. Aside from this site, Np lixation levels ranged from 70 + 4 to 1004%
across the wild sites, with many of the populations estimated to depend on

fixation for all of their N requirements.

Cultivated Cyclopia showed a wider range of estimates, with much higher
variability than the wild sites. Estimates were variable both across and within
sites. Dependence on Nz fixation was estimated to be low for plantation P2
and high for plantations PS5 and PG. Py, estimates for the plantations were less
refiable than for the wild sites due to the generally lower O values for the

{lantations.
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Table 4.2. P, estimates for Cyclopia species growing wild in the fynbos and under
cultivation,

Site Cyclopia Mean P, SE Lower 95% Upper 55%
species confidence canfidence
limit lirmit
Wild siles
Wi . sublernata £0.7 4.1 £50.3 781
W . sublermata - = - -
W3 C. sublernaia 1010 6.4 31.7 108
W4 C. genisioides ar.6 a7 Fi i
ws C. genisfordes 100 7.0 ag2 100
W C. genisloides 840 1.7 583 100
WY . Infermedia 81.3 1491 T 100
Wa . intermedia 100 155 487 100
W3 C. Intermedia 4.8 A3 752 100
w1in C. maculata 100 42 4 252 100
w1 C. macufata 100 14,7 535 100
Wiz C. sessififliora 100 171 892 100
W13 . sessififlora 437 5.4 05 6.0
Flanlations
F1 C. sublernata ) 2.2 557 786
C. genisloides 7ra i1 1.0 847
C. sessilifiora 438 el 81.7 100
C. maciiata 89.0 3.2 B80.7 L e
Pz C. subternats 936 13.2 785 100
. genisioides O 51.0 o 100
. maculata 5.4 271 435 100
P3 C. sublernala 143 339 ) 85.5
. genisioides o Ji 463 i} 100
C. sessiifors - - - -
C. infermedia 2010 ag.2 3 100
P4 C. subternala 100 411 1] 100
C. genlsioides BiLG 16.3 281 981
C. sessififiora 1001 257 487 100
C. Intermedia B2.8 16.1 223 100
PS5 C. genisicides B5.3 12.8 a6 100
P& C. genistoides 100 17.5 82.0 1040




Chapter 4. N fixation Estimalas 549

S e e A e s SRR s i
40 !
120

20

ad 4

40

n .

20 i |
]

<404

-Gl | : G

.13 & 3 |11 % SeGe T G oZes Su G oM 5.3 1 DR | [} [}

RS W R WE AT WE WD AT 2R

1 o P & F§  Fa

Site

Figure 4.4, Percenlage N derived lrom N fixation (Pg) by wild (W1 to 'WA13) and
cultivated (P11 to P8) Cyolopia species. Values are mean Py, = 8 ", Symbals are as
follows, Su = Cyclopia subtemata, G = C genistoides, | = C. intermegia, M = C
macufala and Se = €. sessiflors,

At the wild fynbos sites, Cyelopfa were found to have significantly higher fcliar
M than non-fixing AM reference plants, which derive their N from the soll
(Student's t-tests, F = 0.09, Figure 4.5 A). The exceptions to this trend weare
sites W4 and WH. At site W4, Cyclopio had significanthy lower foliar N than the
referance plants and there was no ditferance in toliar N betwesn Cyclopia and

the non-fixing AM reference plants at site W6.

Cultivated Cyclopia did not present a clear trend in foliar N (Figure 4.5 B). At
sites P1 and P2, N levels were similar to those of the non-fixing reference
plants, while at site P4, foliar N in Cyclopia was significantly iower than that of
the reference ptants. Sites P5 and PG, on the other hand, reflected the patlern
of wild Cyclopia, with significantly higher N in Cycfopia compared to the non-

fixing referance plants,
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Figure 4.5 Foliar N {%) of Cyclopia and non-fixing reference plants in A) the wild
sites and B) the plantations, Values are mean = SE. Thers was a significant
difference belwezen Cyclopia and reference plant values at all wild sites except WE
{ns) {two-tailed Students t-lesls, P < 0.05) "" Indicales a significant difference
betwaen Cyclopia and reference plant values at a plantation site,
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4.4 Discussion

The presence of active nodules on Cyclopia plants qualitatively indicates their
dependence on N, fixation for their N nutrition, both in the wild and under
cultivation. A quantitative assessment of this dependence was possible for
most sites. Natural populations of Cyclopia were found to be highly dependent
on N fixation at all sites assessed, except for site W13, where Cyclopia
sessiliflora was estimated to derive only 44 + 6% (mean + SE) of its N from
fixation (Table 4.2). This site may have experienced seasonal waterlogging,
inhibiting nodule formation and N fixation. Aside from site W13, N, fixation in
Cyclopia ranged from 70 + 4% to 100 £ 7% in the natural populations studied
(Table 4.2, Figure 4.5 A). These levels are high and resemble those of alders
in the temperate deciduous forests of Europe and North America (Domenach
et al., 1989; Hurd et al., 2001). The high levels of N fixation in Cyclopia
indicate that legumes may play a major role in incorporating N into the

nutrient-poor fynbos ecosystem.

As the Pgy estimates for Cyclopia in the wild were high, their accuracy is
dependent on the accuracy of the B value measured for each site. The B
values in this study closely reflect the field situation, as the appropriate
Cyclopia species was inoculated with rhizobia isolated from the test Cyclopia
in the field. The low variability within and across B values suggest that the
host and rhizobial symbiont do not have a major impact on the B values in this
study, further increasing the accuracy of the B values and hence of Py

estimates.

A factor that may influence the accuracy of the Py, estimates reported here is
the use of foliar 8'°N values to estimate whole plant Pgx. Due to sampling
constraints, whole plants could not be removed with any level of replication
and consequently, leaves were sampled and assumed to represent whole
plant §'°N. The use of foliar '°N to estimate whole plant Py, is common
practice when working with large, deep-rooted perennial legumes (Domenach
et al., 1989; Peoples et al., 1991, Shulze et al., 1991; Yoneyama et al., 1993,
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Hogberg & Alexander, 1995; Stock et al., 1995; Roggey et al., 1999; Boddey
et al., 2000; Galiana et al., 2002), but can lead to overestimates of Py, as
foliar plant tissues are depleted in N relative to other plant parts due to
isotopic fractionation during N metabolism and transport of N from one tissue
to another (Shearer et al., 1986). Assuming, however, that the reference plant
and legume have the same level of fractionation during N metabolism and
transport, Pgx estimates based on foliar 5N values should not deviate
radically from those based on whole plant §'°N values (Shearer et al., 1986;
Ladha et al,, 1993; Boddey et al., 2000). In addition, where the D value is
large or the Py estimates high (as in this study) foliar '°N values should give
a good approximation of Pgy (Danso et al., 1991). Peoples et al. (1991) state
that more variability occurs between old and new growth than between plant
parts and, as whole branches were sampled for this study, much of this

seasonal variability in foliar 8'°N was probably accounted for.

Apart from these quantitative Pgx estimates, the elevated foliar N of Cyclopia,
compared to that of the non-fixing references plants, further suggests a high
dependence on N3 fixation in ﬁatural populations of Cyclopia (as in Sprent et
al., 1996). The two sites for which Cyclopia foliar N was not higher than the
reference plants (sites W4 and W6) had both been burnt prior to sampling
(one and 3 yrs respectively), and the relatively high N of the non-fixers at
these two sites reflected a post-fire flush of available N (Mitchell et al., 1986;
‘Stock & Lewis, 1986). This is particularly evident at site W4, which burnt a
year prior to sampling. As discussed in Chapter 3, the §'°N values of the
reference plants at this site were enriched, due to increased N cycling and
post-fire losses of '*N-depleted N from the system.

The dependence of cultivated Cyclopia on N, fixation was less quantifiable
than for wild plants, mainly due to low D values at the plantations. It is likely
that mechanical disturbance of the plantation soils through clearing and
ploughing stimulated N cycling, increasing losses of '*N-depleted N and
reducing mycorrhizal associations, which was reflected in enriched reference

plant 8'°N values (as discussed in Chapter 3). This enrichment usually
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improves the suitability of agricultural sites for using '°N natural abundance
methodology (Peoples et al.,, 2001), but in the fynbos it raises the usually
negative reference plant §'°N values, bringing them closer to the B values. As
a result, the '>N natural abundance method is not well suited for estimating N,
fixation in perennial legumes plantations in the Western Cape.

N fixation estimates for cultivated Cyclopia were variable, largely due to the
methodological problems outlined above. Some species appeared to depend
very little on fixation for their N supply. Cyclopia genistoides growing at
plantations P2 and P3, for example, was estimated to derive low levels of its
N from fixation (0 + 51% and 8 1 46% respectively, Table 4.2), although the
estimates have large standard errors due to low D values of 1.74% and
1.56%o at the two sites. While direct estimates could not be made, the data for
plantation P3 suggests low levels of fixation across all species, as Cyclopia
8'°N values were higher than their B values and similar to those of the
reference species from the site. Levels of fixation at the plantations were not,
however, consistently low. Pg, was measured for plantations P1 and P2 at 67
+ 2 to 89 + 2% and 65 + 9 to 94 + 5% respectively, depending on the species
sampled, although these levels were not as high as those found in natural
populations. The estimates for sites P5 and P6 correlated with the high levels
of dependence found in wild populations and were 85 + 13% and 100 + 18%

N, fixed respectively (Table 4.2).

Different farming practices may have led to the variability in P estimates
across plantations. Plantation P3 was ploughed and fertilized with NPK
fertilizer (Mr. Richard Selby, farmer, personal communication) and the
subsequent increase in available N may have suppressed N, fixation at this
site. Dependence on fixation at plantation P1, on the other hand, was
relatively high. This site is an old field that had received N fertilizer more than
10 years before Cyclopia planting. The soil had exceptionally low total N and
organic matter contents (0.06% N and 2.4% C, Table 3.3, Chapter 3), possibly
due to poor farming practices over the years, and Cyclopia relied heavily on

N, fixation for its N supply at this site. Interestingly, while dependence on N,
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fixation was high, Cyclopia yield was so poor that it was not harvestable
(Christi Stander, farmer, personal communication). Low levels of soil
macronutrients, such as P (1.8 mgkg") and K (17.1 mg.kg™") (Table 3.3,
Chapter 3) may have limited the efficiency of the N; fixing symbiosis and crop
yield at the site. This suggests scope for the selection of a more effective
rhizobial inoculant strain that can nodulate and fix N2 under the nutrient-poor
soil conditions encountered in some farms in the Western Cape. Cyclopia at
plantations P2, P5 and P6 showed higher levels of N, fixation that lead to
harvestable yields. These farms were under organic management, with
minimum tillage and soil conservation practices in place. As a result, the soils
from these plantations showed higher concentrations of macronutrients (see
Table 3.3, Chapter 3) and levels of N, fixation and the efficiency of symbiotic

performance were not limited by low soil nutrient concentrations.

The two Cyclopia species of major commercial value in terms of their
cultivation potential and tea production properties are Cyclopia genistoides
and Cyclopia subternata. The two species have different distributions, of
seemingly edaphic origin (Schutte, 1997). Cyclopia genistoides grows on the
infertile, sandy acid-soils of the south Western Cape, while Cyclopia
subternata, an erect shrub that does not resprout after fire, is distributed along
the southern mountain ranges of the Cape, preferring more fertile, loamy soils
on southern slopes. The plantations sampled in this study were trials set up
by the National Botanical Institute of South Africa to assess the cultivation
potential of the different Cyclopia species outside of their natural areas of
distribution. It is therefore interesting to note that C. genistoides tolerates the
infertite soil conditions at plantation P1, fixing higher levels of N, and
producing higher yields (Mr. Christi Stander, farmer, personal communication)
than C. subternata growing at this site. At plantations P2 and P3, which had
more fertile soils, C. genistoides performed poorly, while C. subternata grew
well and showed higher levels of N fixation.

Foliar N of cultivated Cyclopia did not correlate with estimates of Pg,. At

plantations P1 and P4, where 8'°N values indicated high levels of fixation, the
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foliar N of Cyclopia was similar to, or lower than that of the non-fixing
reference plants. The reference plants sampled at these plantations were
generally weedy compared to the species sampled at the wild sites. The high
foliar N of these reference plants may therefore reflect the higher N utilisation
strategy of pioneer species compared to climax species, which accrue lower
levels of N in plant tissues (Cowling ef al., 1992). At plantations P5 and P86, on
the other hand, the N values reflected the pattern seen for the wild sites.
These two plantations are organic farms, where Cyclopia was planted
between rows of undisturbed fynbos. The reference plants sampled at these
sites were therefore fynbos shrubs, resembling those of the wild sites.

The finding that Cyclopia under cultivation has more variable and often lower
levels of N fixation than natural Cyclopia populations is in agreement with
other studies of N, fixation in cultivated legumes (Domenach et al., 1989;
Peoples et al., 1991; Mariotti ef al., 1992). The finding indicates the potential
of Cyclopia to achieve higher levels of N, fixation in the agricultural setting.
This can be achieved through the selection and breeding of high N fixing
varieties of Cyclopia, the selection of more efficient rhizobial inoculant strains
and some measure of soil amelioration. The low level of variability in Cyclopia
5'5N values within sites indicates that genetic variability may not be a major
factor influencing levels of N, fixation in cultivated Cyclopia and more benefit
may be gained from soil amelioration and from focussing on the selection of
improved rhizobial inoculant strains.
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Chapter 5

Assessing the genotypic and phenotypic diversity of rhizobia
isolated from wild Cyclopia species in the Western Cape of
South Africa.

5.1 Introduction

Although Cyclopia is highly dependent on N; fixation for its N nutrition in the
wild, its levels of fixation under cultivation are variable and sometimes low.
This finding suggests that there is scope for improving symbiotic N, fixation in
Cyclopia under agricultural conditions. This can be achieved by selecting
genotypes of both partners for N, fixing efficiency as well as identifying
environmental factors that optimise or limit symbiotic performance in Cyclopia.
In this study, rhizobia isolated from wild Cyclopia species in the Western Cape
were characterised phenotypically and genetically to assess the level of
diversity across strains and to allow the selection of dissimilar strains for
further study. The selected strains were used in further glasshouse and field
studies to gain a clearer understanding of the N, fixing symbiosis for improved
levels of Na fixation in cultivated Cyclopia.

Very little work has been carried out on indigenous South African rhizobia,
with most work focussing on the ability of South African strains to nodulate
economically important legumes such as clover (Trifolium spp.), common
bean (Phaseolus vulgaris) and soybean (Glycine max) (Strijdom, 1998). In the
Cape, studies have centred on strains isolated from the commercially
important tea legume Aspalathus linearis (Burm. Fil.) R. Dahlgr. ssp. linearis
(rooibos) (Staphorst & Strijdom, 1975; Deschost & Strijdom, 1976; Marumo,
1996; Muofhe, 1997). Thus, a study on Cyclopia rhizobia could contribute to
the limited knowledge base of indigenous rhizobia in the Cape Floristic Region
of South Africa.
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Various techniques have been used to study genotypic and phenotypic traits
in rhizobia. Restriction fragment length polymorphism analysis of PCR-
amplified 16S-rRNA genes is one such method that has been used to analyse
genetic diversity of rhizobial isolates. The method involves the selective
amplification of 16S rRNA gene fragments using PCR with specifically
designed primers. The amplified fragments are then digested with selected
restriction enzymes to produce RFLP patterns, which are simple (usually less
than 10 fragments or bands), species-specific and highly reproducible, and
can therefore be used to differentiate bacterial genotypes (Vane;echoutte et
al., 1992, Vandamme et al., 1996). The method is both rapid in differentiation
and simple as a taxonomic tool (Gurtler et al,, 1991, Vaneechoutte ef al.,
1992; Willems and Collins, 1993; Laguerre et al., 1994, 1996, 1997). Because
it gives estimations of genetic relationships at species and higher levels, it has
been used widely to group rhizobia (Vinuesa et al., 1998, Molouba et al. 1999;
Jarabo-Lorenzo, 2000; Nick et al., 1999; Coelho et al., 2003). The rRNA
molecule used is highly conserved and therefore ideal for the detection of true
differences between organisms (Woese, 1987). Because analysis of the 16S
rRNA molecule has higher discriminating power than that of 5S or 23S rRNA
(Gurtler et al., 1991; Coelho et al., 2003), the 16S @IA PCR-RFLP analysis
was chosen for strain differentiation in this study.

Some of the commonly used phenotypic tools for strain characterisation
include colony appearance and colour, exopolysaccharide gum production,
pH change, growth response to temperature and strain host range (the “cross-
inoculation concept” of Fred et al, 1932). Graham et al. (1991) have
suggested that a strain’s ability to nodulate a range of legume genera should
be described for all new isolates, as the host range gives an indication of the
strain’'s evolutionary history and it's symbiotic potential. This study
investigates the host range of both Cyclopia rhizobia and Cyclopia species as
host plants and examines genotypic features of rhizobial isolates from

Cyclopia.
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5.2 Methodology

5.2.1 Field sites

For this study, sampling was carried out at 19 undisturbed fynbos sites situated
in different areas of the Western Cape of South Africa (Table 5.1, Figure 5.1).

Table 5.1. General characteristics of the field sites sampled in this study.

Site Site name Cyciopla species Co-ordinates Mean annual Altitude
number’ rainfall {mm) ?

w1 Garcia's Pass C. subtemata 3321CC 4498 560
wa3a Prince Alfred Pass  C. sublemala 3323CC 110.7 540
W4 Rondeberg C. genistoides 3318CB 586.3 60
WS Constantiaberg C. genistoides 3418 AB 1070.2 620
Wwé Betty’s Bay C. genistoides 3418BD 1537.9 400
w8 Swartberg Pass C. intermedia 3322AC 2364 430
w11 Jonkershoek C. maculata 3318DD 1040.7 550
w1z Grootvadersbosch C. sessilifiora 332000 4224 1000
Wil Heidelberg C. sessilifiora 34 20BB 4171 340
w15 Waboomskraal C. subtemala 3322CD 726.1 600
W16 Pearly Beach C. genistoides 3419 DA 4039 20
w17 Perdeberg C. genisloides 331808 4812 480
w18 Jonkershoek I C. maculata 331800 1040.7 480
Wwig Mc Gregor C. buxifolia 33190D 4171 320
W20 Cape Point C. galivides 34 18AD 279.9 20
w21 Matroosberg C. glabra 3319BD 303.8 1200
w22 Hotentots Holland C. meyeriana 34 1888 5432 420
w23 Bains Kioof C. meyeriana 3318CA 789.9 400
w24 Kougaberg C. plicata 3323CB 483.2 780

! Sites W1 to W13 correspond to study sites in previous chapters.

2 ARC Inst. for Soil, Climate and Water, 42-year climate statistics, up to 1999.
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Figure 5.1. Map of the Western Cape showing the location of the 19 sites sampled in this study. See Table 5.1 for site descriptions.
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5.2.2 Field sampling (soil and nodule samples)

Field sampling of nodules was carried out in September, to coincide with the
seasonal peak in nodule formation that occurs in the fynbos during late winter
to spring (Cocks & Stock, 2001). To collect nodules, the soil around the lateral
roots of Cyclopia plants was excavated at each site without uprooting the
planf. Any nodules found were removed from the roots, stored in vials on ice
and transferred to the laboratory.

Three replicate soil samples were collected from each field site where nodules
were obtained. For each sample, the surface litter was scraped away and soil
collected from 0-30 cm depth using a soil corer. The soil samples were placed
into plastic bags and transported to the laboratory where théy were air-dried
and sieved (2 mm) in preparation for the determination of pH, organic matter,
soil texture, extractable P and K, and total soil N levels, as described under
General Methodology (Chapter 2).

5.2.3 Isolation of bacterial isolates and their authentification as rhizobia

Root nodules were surface-sterilised by rinsing in 95% ethanol followed by
soaking in 0.1% HgCly for 3 min and rinsing 5-6 times with sterile distilled
water. Rhizobia were isolated from each nodule by crushing each nodule and
streaking loopfuls of nodule crush onto yeast-mannitol agar (YMA) plates as
described under General Methodology (Chapter 2). Typical, well-isolated
colonies were re-isolated onto YMA plates. Single colonies were selected,

grown on sterite YMA slants in McCartriey bottles and stored at 0°C.

The bacterial isolates from Cyclopia nodules were authenticated as rhizobia
by testing their ability to form nodules on their homologous host plants.
Seedlings of Cyclopia species were aseptically grown in glass tubes in
triplicate for each strain (see General Methodology, Chapter 2). Because seed
was not available for Cyclopia galioides and Cyclopia glabra, that of the fast
growing species Cyclopia maculata was used for the authentification of their
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bacterial isolates. A culture of each isolate was mixed with 5 mL sterile
distilled water, rotated to bring the bacterial cells into suspension and 1 mL of
the suspension used to inoculate seedlings of the appropriate species in
triplicates. For each bacterial isolate, three seedlings were left uninoculated as
controls. Tubes were placed into racks and grown in a glasshouse that
provided natural light and a 14-26°C temperature range. One month after
inoculation, plants were harvested and checked for nodulation. In each case,
one nodule per plant was surface-sterilized, crushed and re-streaked for
identity with the original isolate. The new isolates (purified versions of the
original strains used in authentication) were labelled UCT1 to UCT75 and
stored at 0°C. They were sub-cultured every three months for maintenance
purposes. A duplicate of each isolate was supplied to the Department of
Microbiology, University of Pretoria for storage and further genetic analySis
(see Kock, 2003). That laboratory maintains a collection of indigenous

rhizobia isolated from legumes across South Africa.
5.2.4 Phenotypic characterisation

During isolation and subsequent sub-culturing, the general phenotypic
characteristics were described for each strain (Vincent, 1970). The time taken
for the first colonies to appear after streaking was noted and when the
colonies reached 3 mm in diameter, they were characterised by appearance,
colour, exopolysaccharide gum production and the ability to change the pH of
the growth media. Bromothymol blue (25 mg.kg™, w/v) was incorporated into
each YMA plate as a pH reaction indicator.

5.2.5 16S rDNA PCR-RFLP Analysis

5.2.5.1 Strains

Two to three Cyclopia strains were isolated from each site (except for sites
W1, W11, W12 and W13 where only one strain was isolated) and randomly

selected to provide 39 strains for genetic analysis (Table 5.2a).
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Table 5.2a. UCT strains used for 168 rDNA PCR-RFLP characterisation.

Strain Cyclopia species  Collection  Collection site name
site label

ucrs C. genisiocides W18 Pearly beach

Ucte C. genistoides Wi6 Pearly beach

UCT 7a C. genisiocides W16 Pearly beach

UCcT7b C. genistoigdes w1e Pearly beach

UcTte C. genistoides w6 Betty’s Bay

ucTt73 C. genistoides W6 Betty's Bay

UCT 11 C. genistoides W4 Rondeberg

Uct 13 C. genistoides W4 Rondeberg

UCT 15 C. genistoides w5 Constantiaberg

UCT 16 C. genistoides Wwh Constantiaberg

UcT 19 C. genistoides W5 Constantiaberg

UCT 20 C. genistoides W17 Pardeberg

Uct 21 C. genistoides W17 Pardeberg

UCT 25a C. intermedia w8 Swartberg

UCT 25b C. infermedia w8 Swartberg

UCT 61a C. subternata W1 Garcia’s Pass

UCT 27a C. subternata W15 Waboomskraal

UCT 27b C. subternata W15 Waboomskraal

UcCT 57 C. subternata W3 Prince Alfred’s Pass

UCT 58 C. subternata W3 Prince Alfred's Pass

UCT 30 C. sessiliffora W13 Heidelberg

UCT 31 C. sessififiora wiz2 Grootvadersbosch

UCT 32 C. buxifolia W19 Mc Gregor

UCT 33 C. buxifolia W18 Mc Gregor

UCT 40a C. galicides W20 Cape Point

UCT 40b C. galioides w20 Cape Point

UCT 22 C. maculata wig Jonkershoek

UCT 48 C. maculata Wig Jonkershoek

UCT 24 C. maculata w11 Jonkershoek

UCT 35 C. giabra w21 Matroosberg

UCT 34 C. glabra W21 Matroosberg

UCT 69 C. glabra w21 Matroosberg

UCT 44b C. meyeriana waz2 Hottentots Holland

UCT 56 C. meyeriana W22 Hottentots Holland

UCT 45 C. meyeriana Wa3 Bain's Kioof

UCT 46 C. meyeriana Wz3 Bain's Kloof

UCT 60 C. meyeriana W23 Bain's Kloof

UCT 52 C. plicata Wwz4 Kougaberg

UCT42 C. plicata w24 Kougaberg
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For comparison, 16 reference strains from the genera Rhizobium,
Bradyrhizobium, Sinorhizobium, Mesorhizobium and Azorhizobium were
included in the analysis (Table 5.2b). These strains were originally obtained
from the Laboratorium voor Microbiologie (LMG, University of Gent, Belgium).

Table 5.2b. Reference strains used in the 16S rDNA PCR-RFLP genetic analysis. A
= Azorhizobium, B = Bradyrhizobium, M = Mesorhizobium, R = Rhizobium and S =
Sinorhizobium.

Strain * identification
number

Legume host

A. caulinodans LMG 6465 Sesbania rostrata
B. fiaoningense LMG 18230 Glycine max

M. amormphae LMG 18977 Amorpha fruticosa
M. ciceri LMG 14988 Cicer arietinum

M. huakuii LMG 14107 Astragalus sinicus
M. loti LMG 6125 Lotus hispidus

M. plurifarium LMG 11892 Acacia senegal

M. tianshanense LMG 18876 Glycyrrhiza palfidifiora
R. huautlense LMG 18254 Sesbania herbacae
R. mongolense LMG 19141 Medicago ruthenica
R. tropici LMG 9503 Phaseolus vulgaris
S. fredii LMG 6217 Glycine max

S. kostiense LMG 19227 Acacia senegal

S. meliloti LMG 6133 Medicago sativa

S. xinjiangensis LMG 179830 Glycine max

S. terangae LMG 7934 Sesbania rostrata

5.2.5.2 DNA extraction

Isolates were cultured on YMA slants at 22°C until bacterial growth covered
the agar surface (up to 5 days). Milli-Q water (4.5 mL) was used to make a
suspension of rhizobial cells for each strain. After measuring the absorbance
of the suspension, it was adjusted to 0.2 ODg in Eppendorf tubes and

centrifuged. The pelleted cells were re-suspended in 100 pL Milli-Q water and
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lysed overnight with 13 pL proteinase K (15 mg.mL™). Each cell suspension
was boiled for 10 min to denature the enzyme and the cell lysates stored at —
20°C until PCR amplification.

5.2.5.3 PCR amplification of 16S rRNA genes

The 16S rDNA was amplified using 63F and 1387R primers (Marchesi et al.,
1998), synthesised by Roche Molecular Biochemicals (Mannheim, Gemmany)
(Table 5.3). Amplification was carried out in 50 ul reaction volumes
containing 34.4 pL Milli-Q water, 5 pL proteinase K-treated cells, 0.5 pL of
each primer (25 ¢cmol/ul), 5 pl. PCR buffer (pH 8.0), 4 ul. MgCl, (25 mM), 0.5
pl dNTP (25 mM) and 0.1 uL Taq ploymerase (5 U/ul, Roche Molecular
Biochemicals). The buffer contained 20 mM Tris-HCL, 100 nM NaCl, 0.1 mM
EDTA, 1 mM DTT, stabilisers and 50% glycerol. The mixture was held on ice

until amplification.

Amplification was carried out on a Perkin Elmer 9600 thermocycler with the

following temperature profile:

Initial denaturation 95°C for 3 min
30 cycleé of:

denaturation 94°C for 30 sec

annealing 55°C for 30 sec

extension 72°C for 5 min

Final extension 72°C for 3 min

Aliquots (5 plL) of the amplified PCR products were examined by horizontal
electrophoresis on a 0.9% (m/v) agarose gel in 1 x TAE buffer (40 mM Tris-
HCI, 20 mM NaOAc, 1 mM EDTA at pH 8.5) stained with ethidium bromide
(10 mg.mL™). Molecular Weight Marker VI (Roche Molecular Biochemicals)

was used as a marker (Sambrook et al., 1989).
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Table 5.3. Primers used for the PCR amplification of 16S rDNA (Marchesi et al.,
1998).

Primer Sequence (5'10 3")

63F Forward CAG GCC TAA CAC ATG CAA GTC

1387R  Reverse GGG CGG WGT GTA CAA GGC

5.2.5.4 RFLP analysis

The method described by Laguerre et al. (1994), with minor modifications,
was used for RFLP analysis of PCR amplified 16S rDNA sequences. Aliquots
of PCR products were digested with the restriction endonucleases Cfol, Hinfl,
Mspl and Rsal (Roche Molecular Biochemicals). The study by Moyer et al.
(1996) recommends the use of at least three restriction enzymes for the
reliable differentiation of bacterial strains. Laguerre et al. (1994) found that a
combination of these four restriction enzymes had the same discriminating

power as nine restriction endonucleases for differentiating rhizobial bacteria.

For each enzyme, a mixture was prepared using 15 b of the PCR product, 2 -
pL of the specific buffer for each enzyme, 0.5 pl of the enzyme (10 U/ul,
Roche Molecular Biochemicals) and 2.5 pL Milli-Q water. The mixtures were
incubated at 37°C for 90 min and the enzymes denatured at 70°C for 10 min.
Digested DNA fragments were separated by horizontal electrophoresis on a
2% agarose gel (in 1 x TAE buffer) stained with ethidium bromide (10 mg.mL"
). Electrophoresis was carried out at 80 V for 120 min using a Hybaid Maxi
Gel System. Molecular Weight Marker VI (Roche Molecular Biochemicals)
was included for gel calibration in specified lanes of the 21-lane gel. Migration
distances of the restricted fragments were determined by comparison with the
marker. The presence or absence of fragments (the RFLP pattern) was noted

for each strain by restriction enzyme combination.
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5.2.5.5 Genetic relationships between amplified 16S rRNA genes.

The RFLP patterns for each strain were coded into binary form, combining
data from digestions made with all four restriction enzymes to form a single
binary matrix. The level of shared patterns between the strains was
determined by paired comparisons using the method of Nei and Li (1979). The
unweighted pair group method with arithmetic averages (UPGMA) was used
to construct a dendrogram from the distance matrix. Analyses were performed
using PAUP version 4.0 (Swofford, 1998).

5.2.6 Optimal growth temperatures

Three of the 39 Cyclopia isolates were used to détermine strain growth
response to temperature. Fresh sub-cultures of each strain were used to
prepare 0.5 ODgqo starter yeast-mannitol broth cultures grown at temperatures
of 10°C, 18°C, 28°C and 36°C. The starter cultures were adjusted to 0.2
ODgop with sterile distilled water and for each strain x temperature
combination, 1 mL used to inoculate 3 replicate 250 mL yeast-mannitol broths.
The inoculated triplicate broths were grown at their respective temperatures of
10°C, 18°C, 28°C and 36°C. Viable cell counts were performéd at48 and 72 h
using serial dilutions of broth culture to 10® and streaking 0.1 mL of each
dilution on YMA plates in triplicates (see General Methodology, Chapter 2).
The number df colonies formed per plate were counted and used to estimate
the number of cells per mL broth culture after 4 days growth.

5.2.7 Cross-infectivity tests

Based on the 16S rDNA PCR-RFLP analysis, 7 of the 39 UCT strains (i.e.
UCT15, UCT40a, UCT44b, UCT24, UCT61a, UCT30 and UCT42) were
selected for cross-infectivity tests with grain legumes and species endemic to
the Western Cape. Cross-inoculation tests were carried out using seven UCT
strains selected through 16S rDNA PCR-RFLP analysis, the Cyclopia species
C. subternata and C. maculata and a range of well-known rhizobial species

and their host legumes. The host species inoculated with UCT strains were
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Phaseolus vulgaris L. (common bean), Glycine max (soybean), Lotus hispidus
and three Cape legume species. The Cape legumes were Podylaria calyptrata
Willd. and Virgilia oroboides Salter (two widespread Cape endemics with
distribution ranges similar to that of Cyclopia), and the commercially important
rooibos legume Asaplathus linearis subsp. linearis (Burm. Fil.) R. Dabhigr..

Conversely, some well-known reference strains (Table 5.2b), together with
native isolates were used in cross-nodulation tests with two Cyclopia species,
namely Cyclopia maculata and Cyclopia subternata. These strains included
Rhizobium tropici (LMG 9503), Bradyrhizobium lianonginense (LMG 18230),
Mesorhizobium loti (LMG 6125) and Sinorhizobium fredii (LMG 6217),
together with rhizobia isQlated from the Cape indigenous legumes Podylaria
calyptrata, Virgilia oroboides, Aspalathus linearis subsp. linearis and the
Australian invasive in South Africa Acacia mearnsii.

The raising of seedlings for cross-infectivity tests was done as described in
the General methodology (Chapter 2). Cyclopia species were pre-germinated
and planted into Leonard jars supplied with % strength, N-free Hoagland's
nutrient solution. Seeds of the other host species were similarly surface-
sterilised in 0.1% HgCl, for 3 min, thoroughly rinsed in 6 changes of sterile
distilled water and planted directly into the Leonard jar assemblies containing N-
free Hoagland’s nutrient solution, ¥z-strength for common bean and soybean
and Y-strength for the other host species. Five replicate seedlings were used
per strain. At two weeks, the grain legume seedlings were thinned out to one
plant per jar. Each rhizobial strain was grown in YMB to 1.0 ODegg and 1 mL
used to inoculate the base of each appropriate seedling as described under
General methodology (Chapter 2). Three uninoculated control jars were
included for each host species. All plants were arranged in a completely
randomised block design in a glasshouse with natural light and a 14-22°C
temperature range. At 3 months after planting, the material was harvested and
plants separated into nodules, roots and shoots. The nodules were counted

and weighed on a per plant basis.
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5.3 Resuits

5.3.1 isolation and authentification of rhizobia

Most nodules harvested from wild Cyclopia species were occupied by a single
strain of bacteria, as determined by colony morphology. Dual occupancy,
which occurred across a range of Cyclopia species, accounted for less than
10% of the isolates and there were no multiple occupants.

All strains successfully nodulated their homologous Cyclopia host species and
were authenticated as nodule-forming rhizobia. Re-isolation from nodules
showed single occupancy by strains that were culturally true to the identity of

the original isolates.
5.3.2 Soil characteristics

As shown in Table 5.4, all sites were characterized by‘ sandy, acidic, low-
nutrient soils typical of the Cape phytogeographical region of South Africa.

Table 5.4. Chemical and physical characteristics of soils sampled from the collection
sites. Values are means of 3 replicate samples.

Site pH N Extractable Exiractable Organic % Sand % Silt % Clay
no. (%) P K matter

{mglkg) {mg/kg) (%)
W1 4.2 1.05 5.5 109.3 13.2 82 9 9
w3 3.1 0.95 6.6 285.5 134 76 . 20 4
W4 4.8 0.04 3.4 16.8 2.1 96 1 4
W5 39 0.11 4.3 49.5 13.7 98 1 1
w6 38 0.14 8.3 89.0 14.8 94 5 1
W8 4.3 0.44 54 455 35 83 11 5]
W11 4.1 0.14 7.5 73.0 8.0 82 10 8
wiz2 29 1.11 103 146.3 8.9 80 18 2
w13 44 0.83 2.6 201.7 11.6 860 20 20
wis 4.5 0.08 2.1 69.2 11.9 66 15 19
wis 47 0.05 1.3 300 36 a5 1 5
w17 47 1.20 15.2 153.7 155 77 7 16
wis 4.4 0.48 8.2 102.2 85 88 11 11
w19 4.1 0.59 52 58.0 8.0 90 3 7
W20 44 0.12 4.6 48.7 8.4 98 1 1
wa1 32 0.69 17.6 64.3 7.4 87 5 8
wa2 33 0.24 15.9 62.0 14.3 91 6 3
w23 34 0.48 9.7 1933 4.8 895 1 4
W24 43 (.59 10.6 45,7 6.9 74 16 20
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5.3.3 PCR-amplification of 16S rRNA genes

PCR amplification of 16S rRNA genes resulted in single fragments of about
1500 bp, corresponding with the expected size of 16S rRNA genes in bacteria
(Weisburg, 1991). A typical band is shown in the astericized region (*) of
Figure 5.2.

5.3.4 RFLP analysis

All 4 restriction enzymes used in this study produced clear, polymorphic band
patterns for the test strains. Each enzyme produced about 3-5 distinct
patterns for the UCT strains and 4-13 patterns for the reference strains. The
RFLP patterns produced by restriction enzyme Cfol (5 patterns for the UCT
strains and 6 for the reference strains) are shown in Figure 5.2.

Table 5.5a provides the patterns obtained for each UCT strain with each of
the 4 restriction enzymes and also shows sequential numbers assigned to the
8 different combinations of patterns. The combined patterns formed two major
groups of strains (groups 1 and 3 in Table 5.5a) and 6 strains (UCT40a,
UCT24, UCT61a, UCT30, UCT52 and UCT42) produced unique RFLP
patterns (groups 2, 4, 5, 6, 7 and 8 respectively, Table 5.5a). The same data
for the reference strains, where 16 combinations of patterns were produced
(labelled 9 to 24), are shown in Table 5.5b. There was no overlap in the
combined patterns of the UCT strains and the reference strains. A single
overlap in patterns produced by individual enzymes was obtained for strain
UCT42 and . Bradyrhizobium liaoningense digested with Cfol (Figure 5.2,
Pattern C4). |
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Cfol UCT strains Reference strains

MM C1 C2C3 C4 C5 C6 MM C4C7 C8 C9 C10 » MM

bp

2176
1766

1230
1033

653
517
453
394
298

234

220

Figure 5.2. Agarose gel demonstrating the RFLP patterns of the UCT and reference
strains after digestion of PCR-amplified 16S rDNA digested with restriction enzyme
Cfol. Each lane represents the pattern of a distinct RFLP group (i.e. groups C1 to
C10). Lane MM represents Molecular marker VI (Roche Molecular Biochemicals). * =
PCR product. ‘
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Table 5.5a. 16S rDNA RFLP patterns and UPGMA genotype
groupings of UCT rhizobial strains. UPGMA genotypes
represent the groups defined in Figure 5.3.

Strain 168 rDNA RFLP pattern with: Combined UPGMA
RFLP group *
Cfol Hinfl Msp! Rsal patterns

UCrs c2 H1 M1 R1 1 1a
Uct 6 C2 H1 M1 R1 1 1a
UCT 7a c2 H1 M1 R1 1 ia
UCT 7b c2 H1 M1 R 1 ia
ucte c2 H1 M1 R1 1 1a
Ucr 73 c2 H1 M1 R1 1 1a
UCT 11 Cc2 H1 M1 R1 1 1a
UCT 13 Cc2 H1 M1 R1 1 1a
UCT 15 c2 H1 M1 Ri 1 1a
UCT 16 C2 H1 M1 R1 1 1a
UCT 19 c2 H1 M1 R1 4 1a
UCT 25a c2 H1 M1 R1 1 1a
UCT 25b c2 H1 M1 R 1 1a
UCT 27a c2 H1 M1 R1 1 1a
UCT 27b c2 H1 M1 R1 ] 1a
UCT 31 c2 H1 M1 R1 1 1a
UCT 32 cz2 H1 M1 R1 1 1a
UCT 33 Cc2 H1 M1 R1 1 1a
UCT 40b c2 H1 M1 R1 1 1a
UCT 40a c3 H3 M1 R1 2 1b
UCT 20 C1 H1 M1 R1 3 2
UCT 21 C1 H1 M1 R]1 3 2
UCT 22 C1 H1 M1 R1 3 2
UCT 48 Cc1 H1 M1 R1 3 2
UCT 35 C1 H1 M1 R1 3 2
UCT 34 C1 H1 M1 R1 3 2
UCT 69 C1 H1 M1 R1 3 2
UCT 44b C1 H1 M1 R1 3 2
UCT 56 Ci H1 M1 R1 3 2
UCT 45 C1 H1 M1 R 3 2
UCT 46 C1 H1 M1 R1 3 2
UCT 60 C1 H1 M1 R1 3 2
UCT 57 C1 H1 M1 R 3 2
UCT 58 C1 H1 M1 R1 3 2
UCTZ24 c2 H1 M2 R1 4 3
UCT 61a C5 H2 M1 R1 5 4
UCT 30 C1 H2 M3 R1 ] 5
UCT 52 C1 H1 M1 R2 7 5
UCT42 C4 H1 M4 R3 8 7
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Table 5.5b. 16S rDNA RFLP patterns and UPGMA
genotypes of the reference strains analysed in this study. A
= Azorhizobium, B = Bradyrhizobium, M = Mesorhizobium,
R = Rhizobium and S = Sinorhizobium. UPGMA genotypes
represent the groups defined in Figure 5.3.

Strain 168 rONA RFLP pattern with: Combined UPGMA
RFLP group’
Cfol Hinfl Mspl Rsal patterns

M. loti Cg H10  MiB R7 14 6
M. amorphae C8 H11 M17 R6 11 8a
M. ciceri cs - M15 R6 12 8a
M. huakuil c10 - M13 R6 13 8a
M. plurifarium C8 H7 M11 R6 15 8a
M. tianshanense cs8 HS  Mi10 R6 16 8a

8. fredii c7 H6 - R6 20 8b
8. xinjiangensis c7 Heé Mi6 R6 23 8b
A. caulinodans c7 HS Mi4 R4 g 9

R. huautlense c7 - MS R4 17 9

R. mongolense c7 - M6 R4 18 g

R. tropici - - M7 R4 19 g

8. kostiense - H6 M15 R4 21 9

S. meliloti c7 H8  M12 R4 22 9

S. terangae Cé - M8 R4 24 g

B. liaoningense C4 H4 Mg R5 10 10

“+ = no PCR product obtained.

5.3.5 Genetic relationships among strains

A total of 50 restriction fragments were used to produce a matrix of paired
genetic distances and to construct a dendrogram based on the UPGMA
algorithm (Figure 5.3). The UPGMA groupings were consistent with the results
of the combined RFLP patterns. There were 2 major groups of strains (Groups
1 and 2 in Figure 5.3) and 6 unique strains (UCT40a, UCT24, UCT61a,
UCT30, UCT52 and UCT42). The UPGMA analysis provided additional
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information on the genetic relatedness of the UCT strains. Strain UCT40a was
related to group 1 with an estimated 98.8% genotype similarity. Strains
UCT30 and UCT52 were related to one another with 97.9% similarity. Strain
UCT42 was the most different (12.9%) from the other UCT strains.

The UCT strains were not closely related to any of the reference strains. The
UPGMA analysis estimated the strains to be most closely related to
Mesorhizobium lIoti, with a mean similarity of only 92.3%. M. loti formed a
distinct group (Section 1) with all UCT strains, except for strain UCT42, which
was grouped with the reference strains in Section 2. Within Section 2, the
Mesorhizobium strains formed a group with Sinorhizobium fredii and S.
xinjiangensis (Group 8). A second major group (Group 9) contained
Azorhizobium, Rhizobium and Sinorhizobium species. Bradyrhizobium
liaoningense formed a unique group (Group 10), which diverged 13.3% from
the other reference strains. The 16S rDNA PCR-RFLP analysis did not
discriminate between the reference species Azorhizobium caulinodans and
Rhizobium mongolense or between Sinorhizobium meliloti and Rhizobium
tropici (Group 9).
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5.3.6 Strain groupings based on soil fertility

The two major groups of UCT strains (Groups 1 and 2) did not separate
according to their host species, as strains isolated from Cyclopia subternata
and Cyclopia genistoides were in both groups. Geographically, strains from
one location were restricted to a single group, but the groupings did not in
general reflect geographical origins. However, the groups were separated
according to soil fertility (N, P and K) of the sites (Figure 5.4).
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Figure 5.4. Two genetic groups of UCT Cyclopia strains based on total soil N, P and
K levels of the site. * indicates a significantly lower level of soil nutrient (Student's t-
test, P < 0.05, n = 9 and 6 for Groups 1 and 2 respectively). Bars are mean + SE.
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The two groups of strains originated from sites with significantly different soil
characteristics (P < 0.05). The levels of N, P and K in the soils of strains from
Group 1 were significantly lower than those from Group 2 (14 = 4.8, 16.7, 7.8
and P < 0.05, 0.01, 0.05 for N, P and K respectively).

5.3.7 Phenotypic characterisation

The UCT strains showed different phenotypic characteristics. Colonies of
some strains appeared on agar plates 3 d after streaking and at 3 mm in
diameter were opaque, flat, buttery in texture and produced Ilitile
exopolysaccharide gum. Strain UCT42 was phenotypically similar to these
strains, but took 5 d to appear after streaking. Some strains were faster in
growth, appearing within 2 d of streaking. The colonies of these strains were
translucent, convex and produced copious quantities of elastic-textured
exopolysaccharide gum. All strains acidified the agar medium, except for
strain UCT42, which produced alkali exudates.

5.3.8 Optimal growth temperatures

For all three strains tested, optimal growth was between 10°C and 18°C
(Figure 5.5). The slower-growing strain UCT 11 was, however, less tolerant of
higher temperatures compared to strains UCT35 and UCT44b, and virtually
showed no growth at 28°C. The faster-growing strains UCT35 and UCT44b
were capable of growth at 37°C, although growth was significantly reduced at
28°C and 37°C after 72 h (P < 0.05, Figure 5.5).
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Figure 5.5. Viable cell counts of Cyclopia isolates UCT11, UCT35 and UCT44b
grown in YMB at 4 different temperatures. Counts were performed at 48 and 72 h.
For each graph, different letters indicate significant differences (one-way ANOVA
followed by Tukey's HSD tests, P < 0.05). Bars are mean + SE.

5.3.9 Cross-infectivity tests

Cross-infectivity tests of Cyclopia rhizobia showed that these strains were
incapable of forming root nodules with soybean, common bean, Lofus
hispidus or Aspalathus linearis, except strain UCT42, which successfully
nodulated soybean. However, the two endemic Cape legumes, Podylaria
calptrata and Virgilia oroboides, were effectively nodulated by all Cyclopia
isolates except for strain UCT42, which produced small, inactive
pseudonodules. Table 5.6 summarizes the cross-nodulation ability of the
selected UCT strains used. Strain UCT30 performed poorly on Podylaria as
host plant, and together with UCT42 were the only strains that did not produce
a comparable nodule biomass to Podylaria's own rhizobial isolate.
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Table 5.6. Cross-infectivity test with Cyclopia rhizobia used to inoculate crop legumes and legumes endemic to the Western Cape of South
Africa. Values are mean nodule fresh weights (mg) + SE (n = 3). Symbols: “-* = no nodulation, “+” = nodulation and “+” = pseudonodules
formed.

Strains
Host strain ' UCT18 UCT40a UCT44b uct24 UCT6é1a UcT3io UCT42

Host species

Glycine max +(199 £ 21) -(0) - (0) - (0) -(0) -(0) -(0) +(241 £ 33)
Phaseolus vulgaris + (287 £ 13) -(0) - (0) -{0) - (0) - (0) -(0) -

Lotus hispidus +(3+0.6) -(0) -(0) -(0) -(0) -(0) -(0) -(0)
Podylaria calyptrata  + (58 + 6) +(22+9) +(41+19) +(49+5) +(18%7) +(79+3) +(4+2)* 1(0)

Virgilia oroboides +(76 + 11) +(89+£10) +(179+£32) +(142+£9) +(247+11) +(257+9) +(56+21) +(0)
Aspalathus linearis + (351 + 98) -(0) -(0) - (0) - (0) -(0) -(0) -(0)

' Each host strain was used to inoculate only its homologous host (i.e. Glycine max, Phaseolus vulgaris and Lotus hispidus were inoculated with
Bradyrhizobium liaoningense, Rhizobium tropici and Mesorhizobium Iofi respectively). Host strains for the three Cape legume species are sirains isolated
from nodules harvested from these species growing wild in the Western Cape of South Africa.

* Significant difference in nodule biomass compared to host species inoculated with its own rhizobial isolate (Student's t-test for independent means, P <
0.05).
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Table 5.7. Cross-nodulation tests: Well-known rhizobial species and strains isolated from Cape legumes inoculated onto Cyclopia maculata
and Cyclopia subternata. Values are mean nodule fresh weight (mg) £ SE (n = 3). Symbols: “-* = no nodulation, “+” = nodulation and “+” =

pseudonodules formed.

Strains®
Host species Hoststrain'  B. lainon- R. tropici M. loti 8. fredii P. calyptrata V. oroboides A, linearls A. mearnsil
gense isolate isolate isclate isolate
Cyclopia +{192+50) -(0) -{0) -(0) -{0) +(192 +92)  + (248 1 106) -{0) -{0)
maculata
Cyclopia + {49 1 10) - {0} - {0 - {0} - (0} + {80 %+ 51) +{19%£ 1) -{0) + {28 £ 11)
subltemata

' Host strains are UCT24 and UCT61a for Cyclopia maculata and C. subternala respectively.

2 B = Bradyrhizobium, R = Rhizobium, M = Mesorhizobium and S = Sinorhizobium.
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Inoculating Cyclopia maculata and Cyclopia subtemata plants with standard
laboratory strains failed to incite nodule formation. More specifically, strains
Bradyrhizobium liaoningense, Rhizobium tropici, Mesorhizobium loti,
Sinorhizobium fredii and a rhizobial isolate from Aspalathus linearis failed to
nodulate the two Cyclopia species (Table 5.7). However, rhizobia isolated
from Podylaria calyptrata and Virgilia oroboides plants were able to form
effective nodules with Cyclopia maculata and C. subtemata. Interestingly, the
bacterial isolate from Acacia meamnsii also effectively nodulated Cyclopia
subternata (Table 5.7).

5.4 Discussion

The 16S rDNA PCR-RFLP analysis using 4 restriction enzymes differentiated
the UCT strains into 2 major groups (Groups 1 and 2), each containing strains
with identical RFLP patterns. The analysis also distinguished a number of
individual strains, namely: UCT40a, UCT24, UCT61a, UCT30, UCT52 and
UCT42. Strains UCT24, UCT61a and UCT42 were each clearly differentiated
by the analysis and strain UCT40a was distinguished by its RFLP patterns
with restriction enzymes Cfol and Hinfi. Although strains UCT30 and UCT52
differed from the other UCT strains, they could be distinguished from each
other by their RFLP patterns, despite the evidence of genetic relatedness from
the UPGMA analysis. Strain UCT42 was the most different from all the other
UCT strains.

The 2 major groups of UCT strains identified by genotypic characteristics were
also distinctly different in their phenotypic characteristics, confirming the
complementarity of the two techniques, Colonies of strains from Group 1
showed characteristics of both slow-growing bradyrhizobia and fast-growing
rhizobia (Jordan, 1984). In appearance, the strains resembled slow-growers
(opaque, flat, buttery in texture and produced littte exopolysaccharide gum),

but their colonies appeared within 3 d of streaking and acidified the agar
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medium, features characteristic of faster-growing rhizobia. Strains from Group
2 showed phenotypic characteristics typical of intermediate- to fast-growing
rhizobia (Jordan, 1984) as they grew within 2 d of streaking and were
translucent, convex and produced copious quantities of elastic-textured
exopolysaccharide gum. Strains UCT40a, UCT52 and UCT30 showed the
same phenotypic characteristics as those from Group 1, while strains UCT61a
and UCT24 grouped with the faster-growing colonies of Group 2. Strain
UCT42 was phenotypically similar to the strains from Group 1, but were
slower-growing, taking 5 d to appear after streaking, and producing alkali
exudates during growth.

From the genetic analysis, the UCT strains were most closely related to
Mesorhizobium, except for strain UCT42. Strains from Group 2 were
phenotypically similar to Mesorhizobium in their intermediate growth form,
copious gum production and their tendency to acidify the agar growth
medium, but Group 1 strains did not phenotypically relate to Mesorhizobium.
Recent work by Kock (2004) suggests that strains from Group 1 in this study
are closely related to Burkholderia tuberum sp. nov. (LMG'21444), a strain
isolated from the endemic Cape legume Asaplathus carnosa (Vandamme et
al., 2002). This strain was thought to belong to the slow-growing
Bradyrhizobium genus, but recent phylogenetic analysis of its 16S rRNA
genes has revealed no relationship with any branch of rhizobia, or even with
the a-subclass of Proteobacteria (Moulin et al, 2001). Consequently, the
strain has been placed in the B-subclass of Proteobacteria, a group containing
many plant and human pathogens such as Neisseria spp., Bordetella spp. and

Ralstonia solanacearum.

Unfortunately, the 16S rDNA PCR-RFLP method did not give high resolution
between species. This lack of discrimination has been reported in other
studies (Ralph et al., 1993, Laguerre et al., 1997) and is apparently due to the
conserved nature of the 16S rDNA sequences (Laguerre et al., 1994) as well
as the often-unmet assumption of uniform length in 16S rRNA genes
(Laguerre et al., 1994). The missing RFLP data (caused by some reference
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strains not producing clear RFLP patterns with the restriction enzymes Hinf
and Cfol, Table 5.5b) further reduced the ability to discriminate between
species.

The resolution of Cyclopia rhizobia into two groups by the 16S rDNA PCR-
RFLP analysis was not reflected by their geographical origins or host species,
as has been found in a number of other studies (Eaglesham ef al., 1987;
Barnet & Catt, 1991). Interestingly, the two groups did show differences in the
N, P and K fertility of their sites. Strains from Group 1 were isolated from
Cyclopia plants growing on less fertile soil than those from Group 2. It is well
known that P availability plays a major role in nodule formation and N, fixation
(Robson et al., 1981; Mullen et al., 1988; Israel, 1993; Reddell et al., 1997).
The exceptionally low P levels at sites of Group 1 origin may therefore have
selected for strains capable of fixing N2 under low P conditions.

The soil analyses suggest that some of the Cyclopia rhizobia function under
conditions of environmental stress. Soil pH was, for example, very low at all
sites, ranging from pH 2.9 to 4.7, levels usually considered inhibitory to the
growth and functioning of rhizobia (Jordan, 1984, Graham et al., 1994). The
strains were also found to have temperature requirements different from those
suggested in the standard laboratory handbooks (Vincent, 1965; Gibson,
1980; Hungria and Franco, 1993). The optimal growth temperature for the
UCT strains was 10-18°C, about 10°C lower than the standard temperature
recommended for rhizobial culture. This low temperature range is not
surprising, as the growth season in the fynbos occurs during the wet winter
season, from April to September, when temperatures are low.

This finding has implications for the selection of inoculant strains if Cyclopia is
to be grown under irrigation during the hot summer months. In that case, a
rhizobial strain capable of surviving higher temperatures would be selected for
inoculant production. For such a purpose, rhizobia from Group 2 would be
more suitable, as they were more capable of growing at higher temperatures
than Group 1 strains. But, the ability to grow at higher temperatures does not
necessarily correlate with nodulation and Nafixing ability under similar thermo-
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conditions (La Favre & Eaglesham, 1986; Karanja & Wood, 1988; Montanez
et al., 1995; Hungria & Vargas, 2000).

The results of cross-inoculation studies showed the UCT strains to be
relatively host specific, as none of them was able to nodulate the well-known
legume species tested. This probably indicates that no signal exchange
occurred between the rhizobia and these legume hosts (Brewin, 1991;
Denarie et al., 1996; Heidstra & Bisseling, 1996; Perret et al., 2000). The
exception was strain UCT42, which successfully nodulated soybean.
Phenotypically, this strain had the characteristics of slow-growing
bradyrhizobia and its RFLP fingerprint with restriction enzyme Cfo1 was also

identical to that of the slow-growing Bradyrhizobium liaoningense.

In general, the Cyclopia rhizobia used in this study were only capable of
nodulating Cape legumes that had similar distributions with their host of origin.
This finding agrees with that of Marumo (1996), who found a similar pattern of
cross-nodulation in several Cape species after inoculating them with soil
collected from across the region. The Cyclopia strains were unable to
nodulate Aspalathus linearis, a Cape legume with a distribution distinct from
that of Cyclopia. This finding corroborates those of Deschodt and Strijdom
(1976) and Marumo (1996), who reported a high degree of host specificity in
Aspalathus linearis. Clearly, host specificity of fynbos rhizobia requires further
investigation. A study of their associated nod and nif genes (Young &
Johnston, 1989; Yang et al., 1998; Gualtieri & Bisseling, 2000) would increase
our understanding of host specificity in fynbos rhizobia and provide an insight
into the evolution of the Nx-fixing symbiosis in the Cape Floristic Kingdom.

The two Cyclopia species investigated here showed a high degree of
specificity, supporting the concept of highly specific host ranges in
Mediterranean legumes (Sessitsch et al,, 2002). The two species did not
nodulate with the standard reference strains used in this study or with
Mesorhizobium loti, which had a relatively close genetic affinity to the Cyclopia
strains. The Cyclopia species only formed nodules with rhizobial strains

isolated from Cape legume species that had similar geographical distributions.
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Interestingly, Cyclopia subternata was weakly nodulated by a rhizobial strain
isolated from Acacia mearnsii, an Australian invasive species. This species is
distributed throughout the Western Cape and the ability of its rhizobia to
nodulate Cyclopia implies a level of promiscuity in the Australian acacia. That
in turn explains its remarkable success in invading the fynbos biome. The
finding has implications for Cyclopia cultivation, as fields planted to Cyclopia
are often first cleared of Acacia mearnsii that may harbour rhizobia with the

ability to out compete inoculant strains for nodule occupancy.
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Chapter 6

N,-fixing effectiveness of selected Cyclopia isolates under
purely symbiotic and N-fed conditions in the glasshouse.

6.1 Introduction

Cyclopia (honeybush) is dependent on N; fixation for its N nutrition, but under
cultivation its symbiotic performance is variable (Chapters 3 and 4).
Improvement may therefore be possible through the selection of appropriate
rhizobial strains. However, despite the importance of this legume crop, the
effectiveness of Cyclopia rhizobia remains unknown. Symbiotic effectiveness
is easily measured by growing the inoculated host plant in an N-free medium
under bacteriologically controlled conditions and measuring plant biomass or
N produced in excess of an uninoculated control (Svenning et al., 1991;
Burdon et al., 1999; Howieson et al., 2000b; Fening & Danso, 2002; Mostasso
et al., 2002).

In this study, variation in symbiotic effectiveness was assessed for 7 strains of
Cyclopia rhizobia selected on the basis of their genotypic and phenotypic
heterogeneity (Chapter 5). The strains were investigated for their symbiotic
effectiveness in 4 Cyclopia host species with potential for cultivation as tea

crops.

Combined N, which is the end product of N fixation, is known to inhibit nodule
formation and function in symbiotic legumes (Streeter, 1988; Hansen et al.,
1989; MacDuff et al., 1989; Carroll & Mathews, 1990; Lucinski et al., 2002). If
rhizobial strains can infect host plants and fix N; in the presence of combined
N, they could increase the contribution of N; fixation to cropping systems.
Such N-tolerant symbioses would meet the endogenous plant N requirements
of the legume through fixation, thereby reducing the amount of soil N removed
by the legume and possibly increasing soil N levels. It is possible that the
rhizobial strain plays a major role in the N-tolerance of N,-fixing symbioses.
This is supported by the fact that nodulation tolerance to soil NO3™ has been
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observed by some soybean varieties inoculated with high numbers of rhizobia
(Gibson et al., 1971; Herridge & Betts, 1988). A number of earlier studies
have also shown that nodule function in symbiosis with some African legumes
can tolerate high concentrations of NO3™ in the rhizosphere (Dakora et al.,
1992, 1998). In this study, N tolerance of 7 selected Cyclopia strains and 4
Cyclopia host species were examined under high N conditions.

Taken together, the aim of this study was to assess the symbiotic
effectiveness of 7 Cyclopia rhizobial isolates under N-free and high N regimes
in order to select effective rhizobial strains for further study.

6.2 Methodology

6.2.1 Rhizobial strains

The rhizobial strains used in this study were isolated from nodules of Cyclopia
species growing in various conservation areas throughout the Westem Cape
of South Africa and were found to be the most heterogeneous of 39 Cyclopia
isolates, based on their genetic and phenotypic characteristics (Chapter 5).
Genetic analysis of 16S rRNA genes differentiated the Cyclopia isolates into 2
distinct groups and distinguished 6 individual strains. The individual strains
UCT40a, UCT24, UCT61a and UCT42 were clearly differentiated from other
Cyclopia strains and from one another, while strains UCT52 and UCT30 were
found to be different from the other Cyclopia strains, but not from one another
(see Figure 5.3, Chapter 5). Based on these findings, strains UCT40a,
UCT24, UCT61a, UCT42 and UCT30 were selected for further study. In
addition, one strain was randomly selected from each major genetic grouping
(Groups 1 and 2, Figure 5.3), namely strains UCT15 and UCT44b. Table 6.1
gives a summary of the strains differentiated by the 16S rDNA PCR-RFLP
analysis in Chapter 5 and selected for use in this study.
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Table 6.1. Cyclopia rhizobial strains differentiated by 16S rDNA PCR-RFLP analysis
(Chapter 5) and selected for use in this study.

Strain UPGMA Cyclopia host Site of Site name

group origin®
UcTi5 1a C. genistoides W5 Constantiaberg
UCT40a ib C. galioides W20 Cape Point
UCT44b 2 C. meyeriana W22 Hottentots Holland
UCT24 3 C. maculata W11 Jonkershoek
UCTéta 4 C. subtemata W1 Garcia’s Pass
UCT3ao 5 C. sessiliflora w13 Heidelberg
UCcT42 7 C. plicata W24 Kougaberg

'UPGMA groups refer to Figure 5.3 in Chapter 5.
?Refer to Table 5.1 and Figure 5.1 for full site descriptions.

6.2.2 Plant culture

The selected Cyclopia strains were used to inoculate each of 4 Cyclopia
species, namely Cyclopia subternata, C. genistoides, C. sessiliflora and C.
intermedia. These species are considered by the Agricultural Research
Council (ARC) of South Africa to have the greatest potential for cultivation and
for honeybush tea production. Cyclopia seeds were pre-germinated and
transplanted into sterile Leonard jar assemblies containing acid-washed sand
overlaid with vermiculite, as described under General Methodology (Chapter
2). The Leonard jars were supplied with % strength Hoagland's nutrient
solution (Hewitt, 1966), either N-free or adjusted to contain 5 mM NH;NO;.

Treatment strains were grown in yeast-mannitol broth (YMB) at 18°C to 1.0
ODggp and stored at 0°C while cell density was determined using the plate
count method (Vincent, 1970) described in Chapter 2. The broth cultures were
diluted with sterile distilled water to contain 10® cells.mL™" and each plant
inoculated at its base with 1 mL of the appropriate treatment strain. Five
replicate jars were prepared for each treatment. An additional 5 jars for each
host species x N treatment combination were inoculated with 1mL of sterile
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YMB to serve as negative controls. The jars were armranged in a completely
randomised block design in a naturally lit glasshouse that provided an 18-

30°C temperature range.

6.2.3 Plant harvest

Plants were harvested 16 weeks after inoculation and each separated into
shoots, roots and nodules. Plant total fresh weight, nodule fresh mass and
nodule number were determined on a per plant basis for each treatment.
Shoots were dried at 40°C and weighed. Shoot N content was determined for
the N-free treatments using the Kjeldhal method of Bremner and Mulvaney
(1982), outlined under General Methodology (Chapter 2). Shoot N was
calculated using % N and dry matter weight.

6.2.4 Statistical analysis

The effect of N treatment, host species and rhizobial strain on whole-plant
fresh weight, nodule fresh mass and nodule number were analysed using 3-
way ANOVA followed by 1-way ANOVA to test for strain effect with N
treatment and host plant species. An additional 2-way ANOVA was performed
for the N-free treatment to assess the effect of host species and rhizobial
strain on plant shoot N. Where there was statistical significance, Tukey's HSD
multiple comparison tests were used to identify differences between pairs of
treatment means (Zar, 1984). The statistical analyses were performed using
SYSTAT 6.0 (Statsoft Co.).

An effectiveness index (E) was calculated for each strain x host species

combination using whole-plant fresh weights, according to Ferreira and
Marques (1992) and Fening and Danso (2002):

X test ™ X N-free ctri

Effectiveness (E) =
X Netrd — X N-free ctrl
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where, for a particular host species, X st = the total fresh weight of the host
plant inoculated with the test strain, X ntee e = the fresh weight of the
uninoculated host plant grown in N-free nutrient solution, and X y ¢n = the
fresh weight of the uninoculated host plant supplied with unlimited N.

6.3 Results

Of the 4 Cyclopia species tested, 3 grew well in the Leonard jar assembilies,
while Cyclopia subternata showed high mortality and was excluded from the
statistical analysis. Inoculating Cyclopia with different rhizobial strains
produced significant differences in plant growth, nodule number and nodule
fresh weight (P < 0.05). As shown in Table 6.2, strain UCT61a produced
plants with significantly higher biomass, while with strains UCT15 and UCT42,
plant biomass was significantly lower than the uninoculated controls (P <
0.05). The absence of root nodules on control plants confirmed that
adequately sterile conditions were met in this experiment. Strain UCT44b
produced significantly higher nodule mass than strains UCT30 and UCT42.
Strain UCT42 formed significantly fewer nodules than the other test strains,
resulting in reduced plant growth (P < 0.05).

The 3 Cyclopia species showed significant differences in whole-plant
biomass, which increased as follows: C. intermedia followed by C. sessiliflora
and then by C. genistoides (Table 6.2, P < 0.05). The few C. subternata plants
that survived produced the highest biomass. The species all produced a
similar nodule mass, but nodule numbers differed significantly (P < 0.05) in a
similar manner as plant growth, with C. genistoides producing the largest
nodules followed by C. sessiliflora and C. subternata.
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Table 6.2. Response of 3 Cyclopia species subjected to 2 N regimes and inoculated
with 7 rhizobial strains.

Nodule fresh Nodule Total plant
welght number weight
{g / plant) {per plant) {g/ plant)
Rhizobial strain UCT15 0.023 ab 85a 0.920¢
UCT40a 0.024 ab 99a 1.256 be
UCT44b 0.029 a 108 a 1.087 ab
UCT24 0.015 abe 5.0 ab 1.276 be
UCT81a 0.025 ab 7.7a 2.327 a
UCT30 0.011 be 66ab 1.077 be
UCT42 0.001c 00b 0.636¢c
Uninoculated - - 1778 ab
Fiz, 143 6.33" 5.70* 6.46%
Host species C. genistoides 0.017 a 45¢ 0810¢
C. sessiliflora 0014 a 6.3b 1267b
C. intermedia 0017 a 76a 21452
F(gt 143) 0.3 ns 3.21* 26.06>
N freatment N-free 0.027 a 79a 06270b
5mMN 0.005b 36b 2187 a
F (1,143 47.00* 14.00* 99.19*
Interactions
Strain x species Fl14, 143 2.84 :: 2.78 : 3.79 ::
Strain x N treat F7,143) 5.29 3.90 8.20
Species X N freat F(g’ 143) 1.45ns 1.10 ns 21 52 o
Strain x species x N F(14' 143) 1.39 ns 0.87 ns 4.03*

' Data are mean and different letters within columns indicate significant differences
determined by a 3-way ANOVA followed by Tukey's HSD tests. * Indicates a significant
difference at P < 0.05, ** a difference at P < 0.01 and ns no significant difference.

The application of 5 mM NH4sNO; had a significant (P < 0.05) effect on whole-
plant fresh weight, nodule mass and nodule number of C. genistoides, C.
sessiliflora and C. intermedia plants (Table 6.2). Although purely symbiotic (N-
free) plants produced greater nodule mass and nodule numbers than N-fed
plants, they showed reduced growth relative to their N-fed counterparts.



Chapter 6. Glasshouse Selections 141

The interactions between strain x species and strain x N treatment were
significant for nodule fresh weight, nodule number and plant growth (Table
6.2). There were also significant interactions between species x N treatment
and strain x species x N treatment for whole plant fresh weight (Table 6.2). To
compare the effects of different rhizobial strains on host-plant symbiotic
performances, 1-way ANOVAs were pérfOrmed for each host species and
each N treatment (Table 6.3).

Under N-free conditions, 5 of the 7 test strains effectively nodulated all 4
Cyclopia host species (Table 6.3). Strains UCT30 and UCT42, however,
performed poorly in that the former could not nodulate C. gensitoides and the
latter did not effectively nodulate any of the 4 species. Strain UCT42 could
only form pseudonodules. Plant growth was generally higher with rhizobial
strains UCT15 and UCT40a (Table 6.3).

In the presence of combined N, strain UCT44b produced, on average, the
highest nodule mass in C. genistoides, C. intermedia and C. sessiliflora.
Though not statistically significant, strain UCT61a produced greater nodule
mass with C. subternata under N-fed conditions (Table 6.3). Strain UCT30,
which performed poorly under N-frée conditions, produced the highest nodule
fresh weight on C. sessiliflora grown with 5 mM NH:NO3.
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Table 6.3. Symbiotic performance of 7 rhizobial strains under N-free and 5 mM

NH,NO; regimes in 4 species of Cyclopia.

Host species Nodule fresh mass Plant fresh welight Effectiveness
{g/ plant) {g/ plant) index
N-free. 5 mM NHNG, N-free 5 mM NH4NQG4
C. genisivides
UCT15 0.05 ab 000b 1.12 ab 037 a 0.83
UCT40a 0.03 ab 0.00b 0.70 ab 0.70 a 0.46
UCT44b 0.04 ab 001a 0.65 ab 149 a 0.40
UCT24 0.06 ab 0.00 ab 0.95 ab 0.37 a 0.67
UCT61a 0.08a . 0.00b 1.26 a 111a 0.95
UCT30 0.00b 0.00 b 0.12b 083a 0.00
UCT42 0.00b 0.00b 0.26 ab 0.41a 0.06
Uninoculated 0 0 0.20 ab 131a -
€. sessilifiora
UCT15 0.06 a 0.00b 091a 1.26 bc 0.23
UCT40a D04a 000D 094 a D74c 0.24
UCT44b 002a 0.01 ab 0.26 a 3.67a 0.05
UCT24 0.01a 0.01b 0.18a 1.78 abce 0.03
UCTé61a 003a 0.00b 070 a 1.41 abc 0.17
UCcT30 0.02a 0.04 a 060a 2.81 abc 0.15
UcT42 000a 0.00b 0.i5a 1.11 ab 0.02
Uninoculated 0 0 008a 3.67 ab -
C. intermedia
UCTi1s 0.03ab 0.00b 1.23 ab 0.63¢ 0.21
UCT40a 0.08a 0.01b 157 a 2.88 be 0.28
UCT44b 0.06 ab 0.03a 091 ab 4.94 abc 0.15
UCT24 0.01ab 0.00b 0.91 ab 2.36 bc 0.15
UCT61a 0.03 ab 0.01ab 0.76 ab 874 a 0.12
UcT30 0.01b 0.00b 025b 1.85 be 0.02
UCT42 0.00b 0.00b 0.18b 1.70 be 0.00
Uninoculated 0 0 017 b 5.25 ab -
C. subtermnata
UCT15 0.06a 0.00a 1.44 a 511 ab 0.17
UCT40a 007 a 0.00a 151 a 220 b 0.18
UCT44b 0.04 a 0.06 a 0.84 a 13.79a 0.08
UCT24 002a 0.01a 090a 297 b 0.08
UCTé1a - 0.06 a - 9.87 ab -
UCT30 - 001a - 4.18 ab -
UCT42 - 0.00a - 213 b -
Uninoculated 0 0 0.29 a 6.92 ab -

' Means (n = 5) followed by dissimilar letters within a column indicate significant differences
determined by 1-way ANOVA and Tukey's HSD tests (P < 0.05), “" = plant death.
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Figure 6.1. Effect of 5 mM NH.NO; on plant fresh weights of 4 Cycfopia species.
" Indicates a significant increase in total biomass determined using 2-tailed Student's
t-tests, P < 0.05. Bars are mean + SE.

The effectiveness of the rhizobial strains was generally low, illustrated by the
distribution curve {(Figure 6.2), which is skewed to the left. High ratings were
obtained for strains inoculated on Cyclopia genistoides and this probably
reflected the poor tolerance of this species to high N conditions. Strain
UCTG1a gave the highest effectiveness rating (0.83) with C. genistoides,
while strains UCT40a and UCT15 produced rather low ratings (0.17-0.28) wilh
the other Cyclopia species (Table 6.3).

12

1o —

&

Mumber of strains
3]

4
il T

031 01-0.2 0.2-0.3 0304 D405 504 6507 0.7-0.8 35048 3910
Efectivenass index

Figure 6.2, Effectiveness ratings of the 7 test rhizebia used to incculate 4 Cyclopia
species (n= 26, 3 strains omitted for C. subtemata).
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Leaf tissue analysis showed that inoculation with strains UCT40a and UCT15
accumulated significantly more N in shoats than inoculation with sfrains
UCT42 and UCT30 cr the control under N-free conditions (Table 6.4). Of the 3
species, Cyclopia infermedia had significantly higher shoot N than C.
sessiliffora and C. genistoides (P < 0.05, Table 6.4}.

There was a significant strain x host species interaction (P < 0.05, Table 6.4)
and 1-way ANOVA of strain performance with each host species showed
UCT61a to produce significantly higher N in shoots of Cyclopia genistoides
plants while strains UCT40a and UCT15 accrue significantly more N in shoots

of C. infermedia compared to uninoculated contrals (Figure 6.3).

Table 6.4. Three Cyclopia species grown under N-free conditions and inoculated with
7 different Cyclopia rhizobia.’

Shoot N {ma/ plant}

Cyotopia strain LUCT1S 3.00a
LICT40a Il
LICT44b 1.48 abc
LCT24 223ab
ICTE1a 249 ab
LICT 3 .87 bg
LICT42 024 c
LIningculzted D6 ¢
Fiz, 14 a8.89 ~

Host species . pemistodes 148 b
. zessififiora 127b
. infermedia 229a
Fiz, 74y 4.77*

Sirain ® species Fi1a, 74 239

! Disimilar letters within a column far each treatrent indicate significant dilferences at P <
Qo5 *orPs0Q01 T
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Figure 6.3 Shoot N in 4 Cyclopia species grown under W-free conditions and
inoculated with 7 rhizobial strains. ™ Indicates a significant difference from the
uninoculated control &l P < 0.05 (1-way ANOVA followed by Tukey's HSD multiple
comparispns tests). Bars are mean + SE.

6.4 Discussion

The 7 rhizobial isolates tested in this study waried in their symbiotic
effectivenass with Cyclopia species. Poor pedormance was seen in strains
UCT30 and UCT42, with the former inducing ineffective nodules in Cyclopia
and the tatter failing to incite nodule formation in any of the species tested. In
contrast to these ineffective strains, the Cyclopia species were effectively
nodulated by the other & Cycfopia rhizobia tested. Strains UCT61a and
UCT403 increased nodule mass and plant fresh weight in C. genistoides and
C. intermmedia respectively compared to the uningcoulated centrols and fo
inoculation with the other strains, There was high variability in the data, which
is typical of landraces and wild accessions used in these kinds of

experiments, as was the case with the Cyclopla species.
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The effectiveness of strains was not restricted to their original host species.
For example, although strain UCT40a was isolated from Cyclopia galioides, a
species restricted to the Cape peninsula, it effectively nodulated all 4 Cyclopia
species with distributions across the Western Cape. This ability to nodulate
species from diverse environments would make this strain suitable for
preparing a broad-spectrum inoculant. The apparent lack of specificity within
the genus Cyclopia contrasts with the lack of symbiotic effectiveness between
Cyclopia strains and other legume genera observed in Chapter 5, where the
Cyclopia strains were shown to be incapable of forming root nodules with
Phaseolus vulgaris (common bean), Glycine max (soybean), Lotus hispidus

and Aspalathus linearis subsp. linearis (rooibos), a native Cape species.

In general, the Cyclopia isolates showed low symbiotic effectiveness, in that
most strains were unable to produce the same level of plant growth as with
unlimited N supply. Similar findings have been reported for rhizobia isolated
from indigenous Australian woody legumes (Lawrie, 1981; Barnet & Catt,
1991), although the data are in contrast to those of Thies ef al. (1991) and
Fening and Danso (2002) who showed that the effectiveness of rhizobia
isolated from field soil generally has a normal distribution. Interestingly, the
host plant Cyclopia genistoides showed no response to an exogenous supply
of combined N, probably because it naturally occurs on, and is adapted to,
sandy, low-N soils (Shutte, 1997). Conversely, Cyclopia subternata, which
grows on more fertile, loamy soils, responded positively to combined N.

Besides the inherent strain and host plant factors that may have lowered the
symbiotic effectiveness of the Cyclopia-rhizobia symbioses, restricted growth
in Leonard jars could also have affected symbiotic performance, as was the
cése with a study on Aspalathus linearis by Muofhe (1997). This was
evidenced by the low survival rate of Cyclopia subternata in the jars. A similar
result was obtained with test-tube restriction of growth and Nj-fixation in the
pasture legume Biserrula pelecinus L. when rhizobia were screened for

symbiotic performance (Howieson ef al., 1995).
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The variability in effectiveness of the Cyclopia-rhizobia symbioses offers an
opportunity to improve N fixation in Cyclopia through the selection of both
rhizobial strains and Cyclopia genotypes for increased N, fixation. High Na-
fixing strains could be developed into inoculants for field use on fast-growing
Cyclopia genotypes. The symbioses exhibited further differences in their
ability to nodulate and fix Nz in the presence of 5 mM NH;NO3. Most of the
Cyclopia strains were unable to form root-nodules under conditions of
exogenous N supply, but strain UCT44b successfully nodulated all Cyclopia
species and was therefore tolerant of combined N. Strain UCT30, originally
isolated from Cyclopia sessiliflora, was also tolerant of mineral N when treated
to its homologous host. Taken together, this study has identified strains
UCT40a and UCT61a as superior performers under low-N conditions and
strain UCT44b under high N conditions. These strains have the potential for

use as inoculants in the improvement of cultivated Cyclopia.



Chapter 7. Nursery and Field Trials 148

Chapter 7

Symbiotic performance of selected Cyclopia rhizobia under
nursery and field conditions.

7.1 Introduction

The commercial cultivation of Cyclopia has the potential to provide a cash
crop opportunity for emerging resource-poor farmers in the Western Cape as,
being endemic to the Cape, it can be cultivated in the characteristically
infertile soils without the use of chemical fertilizers. In addition, Cyclopia is
highly dependent on symbiotic N, fixation for it's N nutrition in the wild
(Chapter 4) and agricultural yields can therefore be increased by the
application of rhizobial inoculant technology, an inexpensive and

environmentally sustainable alternative to the use of chemical N fertilizers.

Due to poor germination success and to its slow-growing, perennial nature,
Cyclopia is not planted directly into the field. Rather, cuttings or seedlings are
prepared in trays in the nursery, where they are allowed to grow for 4 to 6
months before being transplanted into the field. The nursery mix, in which the
young Cyclopia plants are grown, contains equal parts of Canadian peat,
polystyrene and ground stone. The mix is suspected to be low in available N
and in Cyclopia-compatible rhizobia, suggesting that inoculation with rhizobia
is important for seedling growth. This possibility has, however, not been
tested and neither has the performance of Cyclopia after transplanting into the

field environment.

The Plant Protection Research Institute (PPRI) of South Africa selected,
through sterile glasshouse trials, a rhizobial inoculant for use in Cyclopia
cultivation trials (Jacomina Bloem, PPRI, personal communication). This
strain, known as PPRICI3, is routinely used to inoculate Cyclopia seedlings in
the nursery. The inoculant is assumed to perform well in the nursery as well
as under field conditions, but these assumptions have not been tested. Three
additional Cyclopia strains, strains UCT40a, UCT44b and UCT61a, were
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selected in previous studies (Chapters 5 and 6) from 39 strains isolated from
wild Cyclopia species growing throughout the Western Cape. These strains
were selected for their ability to fix N2 in the glasshouse under N-free
conditions (UCT 40a and UCT61a) and in the presence of combined N
(UCT44b). They are considered to have potential as rhizobial inoculants for
Cyclopia cultivation, but have not been tested under field conditions.

The aim of this study was to assess the importance of inoculation at the
nursery level and the symbiotic performance of 4 Cyclopia strains (PPRICI3,
UCT40a, UCT44b and UCT61a) under both nursery and field conditions. The
study was conducted in an environment free of Cyclopia-compatible rhizobia
in order to test the symbiotic performance of the strains. Their competitive
abilities are reported in a following study (Chapter 9).. |

7.2 Material and Methods

7.2.1 Selected Cyclopia species

Two Cyclopia species were chosen for this study, namely Cyclopia subternata
Vogel and Cyclopia genistoides (L.) R. Br.. These species have the most
potential for commercial honeybush production in terms of both their
cultivation potential and their tea production properties (Dr. H. de Lange,
National Botanical Institute, personal communication). Cyclopia genistoides is
a robust multi-stemmed shrub that grows up o 2 m tall and resprouts from a
woody rootstock after fire. The species grows on the nutrient-poor, sandy soils
of the Western Cape at altitudes of 60 - 1170 m. Cyclopia subternata reseeds
rather than resprouts after fire and is an erect, single-stemmed shrub that
grows to about 3 m in height. The species is widely distributed along the
coastal mountain ranges of the Western Cape. It grows at similar altitudes to
C. genistoides but prefers more fertile, loamy soils on south-facing slopes
(Schutte, 1997).
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7.2.2 Nursery trail

The nursery trial was carried out at the Agricultural Research Council (ARC)
experimental honeybush nursery at Reins Farms, near Gouritsmond in the
south-western Cape (34°S, 21°W, BC). This nursery supplies trays of young
Cyclopia plants for trial plantations across the Cape. Initially, the nursery
supplied seedlings but, due to low germination success, they now produce
cuttings. Cuttings were also chosen for this trial, as they are easy to prepare
and have lower genetic variability than seedlings.

A rooting medium, which contains equal parts of Canadian peat, polystyrene
balls and ground stone, was developed by the nursery for the production of
Cyclopia seedlings and cuttings. Five random samples of this nursery mix
were taken for analysis. Fresh sub-samples were pooled and quantitatively
assessed for native Cyclopia-compatible rhizobia using the most probable
number plant infection assay of Brockwell (1980) (see General Methodology,
Chapter 2). The remaining samples were each air-dried, passed through a 2
mm sieve and analysed for pH, total N, plant-available N (NH4* and NO3™), P
and K, as described under the General Methodology (Chapter 2).

Cuttings were taken from 2-yr old Cyclopia subternata and Cyclopia
genistoides shrubs growing in a field trial established at Reins Farms. To
reduce genetic variability, cuttings were taken from only 5 shrubs per species.
Apical shoots were cut to 10 cm length, their lower leaves stripped and the
stem dipped into Seradix Il rooting powder for hardwood species (Maybaker
SA, Pty. Ltd). The cuttings were randomly planted out into 30 polystyrene
seedling trays, with one cutting per well and equal numbers of C. subternata
and C. genistoides cuttings per tray. The trays (9 cm deep with 8 x 16 wells)
had previously been filled with the nursery mix.

Rhizobial strains PPRICI3, UCT40a, UCT44b and UCT61a were each grown
in yeast-mannitol broth (YMB) at 18°C to a cell concentration of 0.6 ODgqo, as

described under General Methodology (Chapter 2). Cell density was
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estimated as colony forming units (CFU) per mL broth culture by streaking
serial dilutions onto yeast-mannitol agar (YMA) plates in ftriplicates and
counting CFU after 3 d growth. The broth cultures were stored at 0°C during
CFU count and diluted to contain 15 x 10° cells.mL™ (equivalent to the ARC-
recommended farmer rate) and used to inoculate the freshly planted cuttings
at 3 mL per cutting. Inoculation treatments included the 4 test strains and an
uninoculated control supplied with 3 mbL of sterile, rhizobia-free YMB.
Treatments were arranged in trays, with 6 replicate trays prepared for each
treatment. The trays were placed randomly inside a protected nursery
environment under a constant mist-spray watering system. Prior to placing the
trays, the area was thoroughly washed with a 3.5% sodium hypochlorite
solution to reduce the possibility of contamination. Following routine nursery
practice, the cuttings were grown inside the nursery for 3 months and then

moved outside for 2 months to harden.

After 5 months, 3 cuttings of each Cyclopia species were removed from each
tray and divided into shoots and roots. The shoots were weighed, dried to
constant weight at 40°C, reweighed, ground to a fine powder using a ball
grinder (MM200, Retsch Ltd., Germany) and stored in tightly capped vials for
% N analysis. Roots were washed, the nodules removed, counted and
weighed and the roots then dried and processed as for the shoots.

To confirm their occupancy by the test rhizobial strains, nodules from each
Cyclopia species were pooled for each treatment and a sub-sample of 20
nodules analysed using the indirect enzyme-linked immunosorbent assay
(ELISA) technique modified from Kishinevsky and Maoz (1983), described in
detail in Chapter 8. The method has proved reliable in differentiating the test
strains from one another and in differentiating strains UCT40a, UCT44b and
UCT®61a from other rhizobia.

A low level of nodulation occurred in the uninoculated control treatment. Of
the 18 plants per species harvested from this treatment, 3 C. subfernata and 4
C. genistoides plants were nodulated with a total of 36 and 27 nodules
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respectively. To determine whether nodulation was due to contamination by
test strains or to infection by rhizobia present in the nursery mix, the nodules
were subjected to indirect ELISAs using antibodies raised against all 4 test

strains.
7.2.3 Field trial

The field trial was set up in a field situated at the ARC experimental station in
Stellenbosch, Western Cape (33°S, 18°W, DD). The field was previously
planted to vines and had since been invaded by weedy pioneer species as
well as Pinus and Eucalyptus saplings. In August 2002, the vegetation was
cut to 0.5 m with a bush-cutter and the soil ploughed to a depth of about 0.3 m
using a rotavator plough. The field was hand-cleared of large organic matter
and the soil compressed using a roller. The field was prepared into 30 raised
beds, each measuring 1 x 30 m, spaced 1.5 m apart and running parallel to
the direction of the slope. The beds were supplied with a gravity-driven drip
irrigation system. One irrigation line was laid along each bed with drip outlets
every 0.5 m and the pipes linked to a single water source. Agricultural-grade
plastic was placed over the beds to suppress weed growth and retain soil

moisture.

The beds were divided into 6 consecutive blocks, with 5 beds per block. Three
0 ~ 30 cm soil samples were collected from each block, pooled to one sample
per block and quantitatively assessed for native Cyclopia-compatible rhizobia,
as for the nursery trial above. The remaining soil was air-dried and sieved (2
mm) for analysis of pH, total N, plant-available N, P and K and soil texture (%
clay, sand and silt), as described under General Methodology (Chapter 2).

Cuttings prepared during the nursery trial were hand-planted in the field
(together with their plug of nursery mix) via small punctures made in the
plastic mulch. The trial was set up as a 2-way factorial arrangement in a
randomised complete block design (RCB) (Montgomery, 1984), with 6
replicate blocks (Figure 7.1). Five inoculation treatments (strains UCT40a,
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‘UCT44b, UCT61a, PPRICI3 and an uninoculated control) and 2 host species
(Cyclopia subtemata and Cyclopia genistoides) were used. The inoculated
plants were randomly arranged in rows within each block, once per block.
Treatment rows were planted with 15 C. subternata and 15 C. genistoides
cuttings randomly arranged at a distance of 1 m apart. The rows ran parallel
to the direction of the slope to reduce the possibility of contamination between
treatments by rhizobia carried in runoff water. A 1.5 m barrier between rows
further prevented rhizobia from moving between treatments. In addition to the
Cyclopia cuttings, one Phylica ericoides L. (Rhamnaceae) cutting was planted
into each plot. This non-fixing, VA mycorrhizal Cape endemic was planted as
a reference plant for measurement of N; fixation by the **N natural abundance
method.

The trial was weeded 3 times, at 2-month intervals, and irrigated weekly
during the driest summer months of December, January and February. In May
2003, after 9 months of growth in the field, the plants were harvested by
carefully extracting them from the soil and placing them into large plastic
bags. In the laboratory, each plant was separated into shoot and roots. Shoot
fresh biomass was determined per plant and an average obtained for each
treatment row. As harvested honeybush is sold on the basis of fresh shoot
weight, this parameter is equivalent to the “grain yield” of agronomic studies.
The shoots were dried to a constant weight at 40°C and separated into stems
and leaves, which were weighed and an average obtained for each treatment
row. The roots were carefully washed over a 1 mm mesh sieve with running
tap water and nodules removed from each rootstock. Nodules were divided
according to their position on the root, namely crown (< 5 cm from the crown
of the root) and distal (> 5 cm from the crown of the root). Crown nodules
were those positioned in the original seedling tray plug, while distal nodules
were those that developed during plant growth in the field environment.
Nodules were counted, weighed, and an average per plant value calculated

for each treatment row.
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Figure 7.1. Design and field layout of the Stellenbosch field trial based on a 2-way
factorial arrangement in a randomised complete block design (Montgomery, 1984).

To determine nodule occupancy by the test strains, 20 nodules per treatment
were randomly selected and subjected to indirect ELISAs. The remaining
nodules were dried at 40°C, weighed and an average per plant value
calculated for each treatment row, with a correction factor for the nodules
removed for ELISA analysis. As in the nursery trial, a few uninoculated control
plants were nodulated. To assess whether the occupying strains in these
nodules were test strains, 20 nodules per species were subjected to ELISA
analysis using antibodies raised against all 4 test strains.

The leaves, stems, roots and nodules (crown and distal) for each treatment
row were each pooled and separately ground in a Wiley Mill to pass through a
20-mesh screen (< 0.85 mm particle size). The resulting samples were stored
in tightly capped vials for % N and '*N isotope analysis.
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7.2.4 Data analysis

Data from the nursery trial was subjected to 2-way ANOVAs followed by 1-
way ANOVAs for each species where the variable effect was modified by
species. Independent variables were inoculation treatment and Cyclopia
species and dependent variables were per plant shoot fresh biomass, total dry
biomass, total shoot N, shoot % N, nodule number and nodule fresh biomass.
Post-hoc comparisons were made using Tukey's HSD muitiple comparisons
tests (Zar, 1984). Shoot % N data were arcsine Y transformed for analysis and
back-transformed for the presentation of data. Adequacy of the ANOVA model
was checked using Bartlett's tests for equality of variance (Montgomery,
1984) and by visual analysis of normal probability plots of residuals. Analyses
were performed using SYSTAT 6.0 (Statsoft Co. Ltd.).

In the field, response to inoculation and strain performance were assessed as
per plant fresh shoot weight, % leaf N, total dry matter and total plant N, as
well as nodule number and nodule fresh weight on the crown and distal areas
of the root. Total N values were determined as the sum of leaf, stem and root
N calculated on a per plant basis for each treatment row. These variables
were subjected to 2-way ANOVAs for a randomised complete block design.
This is a mixed model ANOVA as inoculation treatment and species are fixed -
effects, while the block éffect is random (Montgomery, 1984, Table 7.1). Post-
hoc comparisons were made using Tukey's HSD tests. Fresh shoot weight,
total dry matter, total N and nodule data showed distributions that were
skewed to the left and, to meet ANOVA assumptions of normality, the data
were log (x + 1) transformed for analysis. Percentage leaf N data were arcsine
v transformed for analysis. All data was back-transformed for presentation.
The RCB ANOVAs were performed using GENSTAT version 7.1 software
(Lawes Agricultural Trust, VSN international Ltd., 2003).
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Table 7.1. Two-way factorial ANOVA for a randomised complete block design
(modified from Montgomery, 1984).

Source of varlation Degrees of Sums of Mean F

freedom’ squares square (MS)

(S8Q)

Blocks (B) b-1 SS8Qg SSQp/(b-1) MSg/MSe
Inoculation treatment {Tr)  t-1 S8Qy, S8Qy/(1-1) MS/MSe
Cyclopia species (8) 51 88Qs S8Qg/(s-1) MSg/MSg
Interaction; Trx S t—1{s~1) SS50ns S8Qrasf(t-11(s-1)  MSt,s/MS;
Error (E) (t's-1)*(b-1)  SSQg SSQge/(t*s-1)*(b-1)
Totai (Tot) t*s*b -1 88

'Where b = the number of blocks or replications, t = the number of inoculation treatments and
s = the number of Cyclopia species.

7.2.5 N isotope analysis and N fixation (Pg,) estimates

Values for 8'°N and % N were determined using a Carlo Erba NA 1500
elemental analyser (Fisons Instruments SpA, Strada Rivoltana, Italy) coupled to
a Finnigan MAT252 mass spectrometer (Finnigan, MAT GmbH, Bremen,
Germany) via a conflo Il open-split device and are expressed relative to
atmospheric N2 (described in detail in Chapter 2). For analysis, 2 mg of the
Cyclopia and 2.5 mg of the Phylica ericoides reference plant leaf, stem and root
samples, and 0.5 mg of the nodule samples, were loaded into the mass

spectrometer.

A weighted whole plant 8"°N value was calculated for each treatment row as
follows:

(N tear * 8"°N tear) + (N siem® "N siem) + (N ro0t™ 8N ro0) + (N nog™ 8'°N 1o4)
Whole plant §'°N =

N tota

where N jeaf, N stems N root and N nog are the per plant total N in the leaf, stem, root
and nodule respectively and N i is the sum of these N values. Whole plant
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8'°N values were adjusted for the quantity of '°N in the original cutting, as

described under General Methodology (Chapter 2).

Percentage N derived from fixation (Ps) was determined according to the
equation (Shearer & Kohl, 1986):

(6N reference — 5"°N legume)
Pﬁx = X100 %
(8"°N reference - B value)

where the 8N reference is the mean whole plant 8'°N value of Phylica
ericoides or of the unnodulated Cyclopia control plants, 5'°N legume is the
value of the test Cyclopia plants and the B value is the §'°N value of Cyclopia
subternata or Cyclopia genistoides grown entirely dependent on symbiotic N
fixation for its N nutrition. Standard errors and confidence intervals were
determined using the calculations of Phillips and Gregg (2001), as discussed
in detail in Chapter 4.

Plant B values were determined for Cyclopia subternata and Cyclopia
genistoides with each test strain by growing the species in sterile Leonard jars
supplied with % strength Hoagland’'s nutrient solution (Hewitt, 1966) and
inoculated with the appropriate rhizobial strain (n = 6). The harvested plant
material was separated into shoot, root and nodules, dried to a constant mass
at 40°C and ground to a fine powder using a ball grinder (MM200, Retsch
Ltd., Germany). The samples were analysed for 5'°N and % N and a weighted
whole plant §'°N value calculated for each species by inoculant strain
combination. The whole plant B values were corrected for the quantity of °N
contributed by the seed.
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7.3 Results

7.3.1 Soil characteristics

Both the nursery mix and the field soil contained no detectable Cyclopia-
compatible rhizobia and were therefore ideal for testing the symbiotic
performance. of Cyclopia rhizobia in the field without the effects of competition
from native rhizobia (Table 7.2). The nursery mix and field soil were both
agriculturally poor, with low levels of all nutrients tested and undetectable
amounts of plant-available N. The field soil was well balanced in its
proportions of sand, silt and clay, but had a low soil organic matter (% C)
content (Table 7.3).

Table 7.2. Chemical characteristics of the nursery growth mix used in this study and
of soil from the Stellenbosch field station.

Soil pH %N NHs  NOs P K MPN
(mg.kg™) {celis.mL")

Seedling mix 4.0 006 <1.00 <100 50 44.0 0.00

Stellenbosch 4.2 004 = <100 <100 7.3 710  0.00

Table 7.3. Physical characteristics of soil from the Stellenbosch field station.

Coarse Medium Fine Clay Siit % C Water
sand - sand sand holding
(%) (%) (%) (%) (%) capacity
{g /100 g)
36 -12 20 10 22 37 310
7.3.2 Nursery trial

The indirect ELISAs confirmed 100% occupancy of nodules with the
appropriate treatment strains. Absorbance readings were unambiguous,
representing clearly positive (2 1.00 OD4gs) or negative (< 0.50 ODggs)

reactions (data not shown). Antibodies raised against the test strains
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combined specifically with their antigens and no cross-reactions were found
with negative controls. The nodules harvested from the uninoculated control
plants were all occupied by strain UCT44b. The plants were therefore
contaminated and were removed from the data set to allow for an assessment
of inoculation on plant growth in the nursery.

Inoculation of cuttings in the nursery with each treatment strain produced
significant increases in shoot biomass and shoot % N (Table 7.4). Inoculation
with strains UCT44b, UCT61a and PPRICI3 also increased shoot total N.
Interestingly, inoculation had no effect on root dry matter. The results were not
modified by species and the 2 Cyclopia species produced cuttings with the
same shoot biomass, shoot N and shoot % N, but C. subtemata cuttings
developed significantly larger root stocks (P < 0.01, Table 7.4).

Table 7.4. Response of Cyclopia subternata and Cyclopia genistoides cuttings to
inoculation with 4 strains of rhizobia in the nursery.’

Shoot dry Root dry Shoot total N Shoot % N
biomass biomass {mg / plant)
{mg / plant} {mg / plant)
Strain
UCT40a 1546 +138a 8781786 1.09+0.15ab 1.34+0.05ab
UCT44b 1712+ 11.3a 844+98 139+ 0.16 a 124 +0.05b
UCTé1a 186.7 + 158 a 97.6+8.3 1.64+0.18a 1.44:0.06a
PPRICI3 184.6 £ 105a 85.315.8 1.38+0.12a 1.30+ 0.02 ab
Uninoculated 104.1+98 b 768175 0.59 £+ 0.09 b 0.99+0.02¢
Fua.s0) 7.96 ** 106 ns 8.58 19.55 **
Species
C. subternata 1568 + 9.8 99.2+542a 1.32+0.12 1.23 £ 0.04
C. genistoides 163.7 £ 9.1 736138b 112+ 0.10 1.29 +0.04
Fa.50 0.41 ns 18.51 2.67 ng 281 ns
Strain x Spp.
Fua, 50y 2.08 ns 117 ns 2.18 ns 1.76 ns

' Values are mean per plant + SE (n = 6 trays) and different letters within columns indicate
significant differences determined by a 2-way ANOVA followed by Tukey's HSD fests. *
Indicates a significant difference at P < 0.08, ** at P < 0.01 and ns no significant difference.
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The general performance of the 4 Cyclopia is shown in Table 7.5. For C.
subternata, inoculation with strains UCT44b and UCT61a significantly
increased shoot biomass and N content (P < 0.01 and P < 0.05 respectively).
Strains UCT40a and PPRICI3, on the other hand, did not perform well and
only increased shoot % N. A clear pattern of strain performance emerged for
C. genistoides cuttings. Inoculation with strains UCT61a and PPRICI3
increased shoot biomass, shoot N content and shoot % N, while strains
UCT44b and UCT40a did not perform well, only increasing shoot % N.

Table 7.5. Significant positive responses of C. subternata and C. genistoides cuttings
to inoculation with four strains of rhizobia in the nursery.

inoculant strain

UCT40a UCT44b UCTé1a PPRICI3

C. subternata Shoot dw - i * .
: Shoot N - bl * -

Shoot %N * - * *

Root dw - 3 - -

C. genistoides  Shoot dw - : - * »h
Shoot N - - *i *

Shoot %N e b hd *

Root dw - - - -

** Denotes a significant positive increases in the parameter at P <0.01, * at P < 0.05 and - no
significant increase determined using 1-way ANOVAs followed by Tukey's HSD tests.

Inoculating cuttings with the 4 test strains produced similar nodule biomass,
but significantly different nodule numbers per plant (P < 0.05, Table 7.6).
Inoculation with strain UCT61a produced more nodules than strain inoculation
with strain UCT40a, but the effect was modified by species. The two Cyclopia
species showed significantly different nodulation patterns, with C. subternata
producing many small nodules and C. genistoides few large nodules with
greater total nodule biomass (P < 0.01).
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Table 7.6. Nodulation response of Cyclopia subternata and Cyclopia genistoides
cuttings to inoculation with 4 strains of rhizobia in the nursery. ’

Nodule Fresh nodule Nodule
number biomass number :
{per plant} {mg ! plant} biomass
ratio
Inoculation
UCT40a 134+11Db 23.48 +3.13 0.69
UCT44b 18.6+2.7 ab 30.68 +2.21 0.58
UCT61a 19.3+23a 33.51+4.14 0.64
PPRICI3 17.9+1.7ab  32.91+4.40 0.64
Fis.40) 3.05* 2.20ns 0.62 ns
Species
C. subternata 21.33+14a 2566+2.01b 0.88 a
C. genistoides 13.25+1.0b 3464+280a 040D
Fi1,e0) 28.61** 8.36* 77.01 *
Spp. x inoe.
Fs, 40) 3.85* 3.33* 0.47 ns

' Values are mean per plant + SE (n = 6) and dissimilar letters indicate significant differences
determined by a 2-way ANOVA followed by Tukey's HSD tests. ¥ Indicates a significant
difference at P < 0.08, ** at P < 0.01 and ns no significant difference.

Analysing the nodulation data for each Cyclopia species showed strains
UCT44b and UCT61a to outperform UCT40a and PPRICI3 in symbiosis with
C. subternata cuttings (Table 7.7). Strain UCT44b produced significantly
higher nodule numbers and nodule biomass followed by strain UCT61a
relative to the other two test strains. Increased nodulation by these strains
correlated with increased N accumulation and biomass in the cuttings (Table
7.5). The nodulation data for C. genistoides also reflected the growth
response of host plants, with strains UCT61a and PPRICI3 outperforming the
other two strains, but the difference was not statistically significant (P > 0.05).
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Table 7.7. Nodulation response of C. subternata and C. genistoides cuttings in
response to inoculation with 4 Cyclopia strains of rhizobia in the nursery.

Species inocuiant Nodule number Nodule fresh biomass
strain {per plant) {mg / plant)

C. subternata UCT40a 1425+ 159b 16.62+2.89b
UCT44b 26.17+2.14a 34.40+2.18 a
UCT61a 2442+262a 27.88 +3.90 ab
PPRICI3 20.50 + 2.40 ab 23.72+3.57 ab
Fi20) 5.65* 5.41*

C. genistoides UCTA40a 12.58 + 1.46 30.35 + 3.99
33’2‘1“’ 11.00 £ 2.10 26.97 +3.33
PPRICiaS 14.08 + 2.31 39.14 + 6.90

1533 £2.22 4210 £+6.22

Fraz0 0.83 ns 1.80 ns

! Values are mean per plant &+ SE (n = 6) and dissimilar letters indicate significant differences
determined by a 1-way ANOVA followed by Tukey's HSD tests. " Indicates a significant
difference at P < 0.05, ™ at P < 0.01 and ns no significant difference.

7.3.3 Field trial

The indirect ELISAs confirmed 100% occupancy of Cyclopia subternata and
C. genistoides nodules by their homologous test strains. Nodules harvested
from the uninoculated control plants were all occupied by strain UCT44b,
suggesting contamination from the nursery. The contaminated control plants
were removed from the data set.

Inoculation of Cyclopia increased all growth parameters relative to the
uninoculated control, except for leaf % N (Table 7.8). Only strains UCT61a
and PPRICI3 significantly increased leaf % N compared to the uninoculated
control (P < 0.05). Strain PPRICI3 also significantly increased total dry matter
yield and total N in plants compared to strains UCT44b and UCT40a (P <
0.01) and shoot fresh biomass (harvestable yield) compared to strain UCT44b

(P < 0.01). The results were consistent across both Cyclopia species.
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The species were uniquely different in their growth characteristics. Cyclopia
subternata produced double the shoot fresh biomass (harvestable yield),
double the total dry matter and double the total N than C. genistoides (Table
7.8). The two species, however, showed similar leaf % N, an indicator of yield
quality.

Table 7.8. Response of Cyclopia subternata and Cyclopia genistoides to inoculation
with 4 strains in the field.!

Fresh shoot Leaf%N Total dry Total N
biomass biomass
{g / plant) {a / plant) {mg / plant)
Block Fis,am 0.83ns .13 ns 0.38ns 0.51 ns
Inoculation UCT403 13.30+3.43 ab 253+008ab 6.06x1.400b 1284+ 320D
treatment UCT44b 8.17+1.27b 241+006ab 42910610 846+ 1.17b
UCT61a 16.19+2.80ab 262+007a  7.33:0.07ab 15.49 + 2.32 ab
PPRICI3 23.80t565a 255+007a 11.80+233a 2499+544a
Uningculated 204+ 042¢ 204+0.10b  1.19:019¢ 211+0.35¢
Fuas 2379 ™ 382%™ 21.83* 26.00 **
Species C. subtemata  16.89+3.043a 2381 0.06 7701+1.32a 16.18+3.00a
C. genistoides 877 +1.20b 2.52 £ 0.05 456+055b 9.73+1.16b
Fua, 45 8.06 1.68 ns 6.24* 4.93*
Inoc. x Fia, a5 0.70 ns 0.72ns 1.05ns 0.60 ns
Spp.

! Values are mean per plant + SE (n = 6, average of pooled samples) and dissimilar letters
indicate a significant differences within the variable combination analysed by 2-way ANOVAs
for a completely randomised block design followed by Tukey's HSD tests. ** Denotes at P <
0.01, * P < 0.05 and ns, no significant difference.

In terms of nodulation, the only significant difference produced by the different
Cyclopia strains wés in the fresh biomass of nodules on the distal parts of the
roots (P < 0.05, Table 7.9). The difference was barely significant at P < 0.05
(Fa3s = 2.90, 1-way ANOVA) and was not detected by Tukey's HSD multiple
comparisons tests. Significant differences were evident in the nodulation
characteristics of the two Cyclopia species, with C. subternata forming a
higher number of nodules on both the crown (P < 0.05) and distal (P < 0.01)
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areas of the root than C. genistoides. This difference was not reflected in an
increase in nodule biomass as C. subtemata produced many small nodules,

while C. genistoides produced few, large nodules (Table 7.9).

Table 7.8. Nodulation response of Cyclopia subtemata and Cyclopia genistoides to
inoculation with 4 Cyclopia strains in the field."

Crown nodules Distal nodules

Nodule Fresh nodule Nodule Fresh nodule
number biomass number biomass
{per plant) {mg / plant) {per plant) {mg / plant)
Block Fis.a5 0.80 ns 0.10 ns 2.08 ns 0.84 ns
inoculation UCT40a 38.1+78 41.89+9.03 14.62 +6.94 21.87 £853
treatment UCT44b 328+64 2889 +4.85 7.86 £+ 2.84 442+125
UCT61a 4264172 48.88 £ 9.27 13.50 + 4.41 10.65 £ 2.49
PPRICI3 46.4+84 4800+12.93 15411385  20.85+4.74
Faas 0.38 ns 0.93 ns 0.93 ns 2.90*
Specles C. subternata 404+59a 46821484 19.75+3.84a 1549+292
C. genisfoides  31.1+3.7b 37011810 595+ 1.87b 1341 +4.53
Fis, 33 4.61°* .74 ns 18.42 = 0.43 ns
Spp. x inoc. Fis, 33 0.39ns 0.74 ns 1.31ns 0.86 ns

! Values are mean per plant + SE (n = 6, average of pooled samples) and dissimilar letters
indicate a significant differences within the variable combination analysed by 2-way ANOVAs
for a compietely randomised block design followed by Tukey's HSD tests. ** Denotes at P <
0.01, * P < 0.05 and ns, no significant difference.

7.3.4 N, fixation (Pg,) estimates

The B values determined for each Cyclopia species x test strain combination
were negative, ranging from —1.2 to —-0.64%. (Figure 7.2). The non-fixing
reference plant Phylica ericoides gave a positive 5'°N value of 1.09 + 0.17%. (
meant SE) at the site, while the alternative reference, the non-nodulated
Cyclopia plants from the uninoculated control treatment, gave similar values
of 1.76 + 0.31%. and 1.29 % 0.23%. for C. subternata and C. genistoides

respectively. The difference between the reference plants and the B values
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fi.e. the O value, see Chapters 3 and 4) was between 1.7%. and 2.9%., 3

value possibly too low for the accurate estimation of Nz fixation using the BN

natural abundance method {Unkovich et af. 1894; Hogberg 1997 Peoples et

al. 2001 and see Chapter 3).

A. Cyclopia sublernata

30

1.0 4

(1]

&N ()

-1.0

-2.0 1

-3.0

i

2.0

£

b

b

&

|
B

ak

d

]_.

ield values OB values|
(e RN S E |

ab

N

R

-

1M 80

IMCT44db

LICTETa

B. Cycfopia genisfoides

FPRICI3

Unirncsculatad

Cyclopia

Phylica
reference

a ab
ab ah ab
; i ; b | 1 I] l
ICT4da LCT44b ICTE1a PPRICIZ Lninpoutated Fhyiica
Cyolopia refarence
Treatment

Figure 7.2. Whole plant "N {%»} of C. sublernata {A) and C. genisioides (B). Data
are mean &N and error bars represent SE (n = 6). Dissimilar letters mndicate
significant differences between means delermined by one-way ANOVAs for a
randomised complete block design followed by Tukey's HSD tests (P < 0.05).
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Cyclopia subternata inoculated with strains UCT44b, UCT40a and UCT6E1a
produced significantly lower #'°N values than the unincculated C. subternata
reference plant (Fisan = 4.46, P < 0.01, 1-way ANQVA for a RCB design
followed by Tukey's MSD comparisons, Figure 7.2), suggesting that these
plants were dependent on the Nafixing symbiosis for a portion of their N
supply. Cyclopia genistoides inoculated with strain UCT61a also gave
significantly lower &''N values relative to the uninoculated control plants
(Fisan = 3.29, P < 0.05). None of the incculation treatments, however,
produged mean &'°N values significantly lower than that of the non-fixing

Phytica reference plant.

Prx estimates for the two Cyclopia species are given in Table 7,10, The
estimates were made using the N natural abundance method, using both
foliar and whole plant #'°N values and two different reference plants: the
unnodulated control treatment and the non-fixing Phylica ericoides. Estimates
were also made using the N difference method, which compared total N of

inoculated plants with that of the non-nodulated control.

The N natural abundance method estimated C. subtemata to be gaining
about half of its N from fixation, while C. genisioides obtained less than half of
its N supply from the symbiosis. Estimates made using whole plant 5'°N
values were lower than those made using foliar values, Furthermore,
estimates made using Phylica as a reference plant were lower than those
made using the uninoculated control. Mo differences, however, were
discernible between the treatments because of the high variability within
estimates. Although estimates made using the N difference method were
higher than those made using '*N matural abundance methodology, they
again showed C. sublernata to be fixing higher amounts of N than C.

genistoides.
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Tabkle 7.10. Estimates of Py, in C. sublemala and f.',‘.r gemstordes plants inoculated
with 4 Cycfopia strains in the field made using the "N natural abundance method
with two reference plants and the N difference method.'

"W Natural abundance method

M difference

S I — m&thud
Whole plant 3"°N Foliar 3"°N
Uninogulated Fhilica Uninoculaled Fhvlica Uninoculated

Cycfopia ericoides Cyclogia ericoides Cyoclopia
C. subternata
LICT40a 405+ 155 231+£170 655+ 244 66.8 + 24.2 573
UCT44b B46+95 50.9+104 6l2+107 B3.6+ 105 76.3
UCTG1a 438+109 287 +102  470+72 474 7.1 95,6
PPRICI3 323+126  142+11.5  387+128  202:127 93.9
C. genisfoides
UCT40a 253+280 16.89+322 450+ 122 4558+ 121 727
UCT44b 279+ 215 198+252 2789+132 2B5+128 68.2
UCT61a 452+ 2380 395+314 553+120 S557+418 B2
FFRICI3 229172 162+196 371+£45 AT6+43 B3

' Values are mean Pp, + SE (%) {n = 6). The '“N natural abundance Py, estimates were
calculated according to the equation of Shearer and Kohl {1286) and errors caloulated using
the equatiors of Phillips and Gregg {2001).

Significant differences were found between the &'°N values of nodules
harvested from the different inoculation treatments. Nodules formed by strains
UCTE1a and PPRICI3 on C. subternata plants in the field (crown and distal
nodules pooled) showed significantly higher 8'°N values than those formed by
straing UCT40a and UCT44b {1-way ANOVA for a RCB designh, Fai5 =
44 55, F < 0.01 followed by Tukey HSD test, see Figure 7.3). Similarly,
nodules formed by strains UCTB1a and PPRICI3 on C. gemstoides showed
significantly higher 5'°N values than those formed by strain UCT44b (F 315, =
9.28 , F<0.01).
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Figure 7.3. "N (%o} values of nodules formed by the 4 Cycfopia strains on C.
subternata (A} and C. genistoides (B} in the field, Values are mean 5N and error
barg represent SE (n = B). Dissimilar |letters indicate a significant difference (one-way
ANCVAS for a completely randomised block design followed by Tukey HSD tests, P
<0.01)

7.4 Discussion

lnoculation in the nursery had a significant positive effect on shoot biomass
and shoot N content (P < 0.01), but had no effect on root biomass (P > 0.05).
In the nursery, cuttings utilise shoot N resarves to form roots, after which thay
replace shaot N through N uptake or N; fixation. As the nursery mix was low
in available N {< 1 mg.kg’ NH;" and NQ, total N = 0.06%, Table 7.2), the
uninoculated cuttings could not gain adeguate shoot biomass orf shoot N after

racting, as shown by their low biomass and plant N values. The incculated
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cuttings, on the other hand, were able to accrue N through Nz Tixation and
increased their shoct biomass, total N and percent N values. Inoculation was
therelore essential in the nursery environment, as i allowsd the rooted
cuttings access to an adequate N supply, preducing well-developed plants for

{ransplanting into the fisld.

In terms of strain perfermance in the nursery, incculation with strains UCT61a
and UCT44b increased the growth of C. sublernata cuttings, while strains
UCTB1a and PPRICI3 improved the growlh of C genistoides. These strains
produced high nodule numbers and increased the gquantity of N derived from
fixation. Although strain UCT44b was not as effective as strains UCT61a and
PPRICIZ in increasing shoot % N, it was more invasive than the other strains,

contaminating & number of unincculated control plants in the nursery.

The field trials showed inoculation to be essential for the success of Cyclopia
at certain locations. lnoculated plants had significantly higher fresh shoot
yield, total dry bicmass and total N compared to uninoculated plants (Table
7.8). As the field contained no detectable Cyclopia-compatible rhizobia, the
uninorulated plants relied solely on soil N for their N nutrition and. Due to low
levels of plant-available N in the soil (< 1 makg” NHy' and NOs, Table 7.2),
the plants perdormed poorly, producing vields up to 10 times lower than the
inoculated plants. This {inding is consistent with the data in Chapter 3, which
showed limited growth in Cyclopia plants that were grown totally dependent

on soil N {N; fixation limited by high O, pressure).

In terms of symbiotic perdformance, strains UCT61a and FFRICIZ were mare
effective than strains UCT44b and UCT40a. Strain PHPRICIS produced the
largest increase in Cyclopfa vield (fresh shoot biomass) and produced
significantly higher yield, total dry biomass and plant N than strains UCT44b
and UCT40a (P < 0.01, Table 7.8). Strain UCT40a performed poorly in the
field, as it did in the nursery environment and, after & months in the field,
strain UCT44b lost the superior symbictic perdormance observed in the

nursery and showed poor symbictic performance.
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Although the "°N natural abundance method did not provide reliable estimates
of Ny fixation, or differentiate between levels of fixation by inoculant strains,
the 8'°N values of nodules gave insight into the N; fixing efficiency of the test
strains. Studies have shown that nodule >N enrichment is a product of nodule
metabolic activity and that it can be used to indicate N.-fixing efficiency in
rhizobial strains and high levels of N fixation (Kohl ef al., 1983, Bergersen et
al., 1986; Ledgard et al., 1989; Wanek & Arndt, 2002). In this study, the §"°N
values of nodules formed by strains UCT61a and PPRICI3 in the field were
significantly higher than those produced by strains UCT40a and UCT44b for
C. subternata (P < 0.01) and strain UCT44b for C. genistoides (P < 0.01),
suggesting superior symbiotic performance by strains UCT61a and PPRICI3.
This is supported by the positive response of plants to inoculation with these
strains in the field.

The discrepancy between the Py, estimates made using the '’N natural
abundance and N. difference method suggests that the former probably
underestimated Pjy, levels in this study. The difference between §'°N values of
reference plant and the B values (i.e. the D value in Chapter 3) were not high
for this site (< 3%o). In addition, the B values, reference plant and Cyclopia
§'°N values all showed high variability, which indicates low confidence in Py
estimates, reflected in the high standard errors associated with the estimates.
The estimates should therefore be considered qualitative rather than
quantitative. '

The two species of Cyclopia exhibited marked differences in growth
strategies. Cyclopia subternata was more dependent on N fixation for its N
nutrition, grew to double the size and accrued almost double the quantity of N
compared to C. genistoides. The high §'°N values of nodules formed by
strains UCT61a and PPRICI3 on C. subternata, compared to those formed
with C. genistoides by the same strains, also suggests greater efficiency in
the C. subternata No-fixing symbiosis, even though the nodules were smaller.
The differences in growth and nodulation strategies between the two Cyclopia

species reflect their behaviour in the wild, where C. subternata is a fast-
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growing re-seeding species and C. genistoides a slow-growing resprouter.
Under cultivation, C. subternata produces higher yields, but C. genistoides
produces a better tasting tea and is therefore considered for commercial
cultivation, despite its slow growth rates (Dr. H. de Lange, NBI, personal

communication).
7.5 Conclusions

This study'has shown inoculation of Cyclopia to be an essential component of
nursery practice. Under nursery conditions, strains UCT61a and UCT44b
stimulated growth and nodulation in C. subternata cuttings, while inoculation
with strains UCT61a and PPRICI3 increased the growth of C. genistoides.
Strain performance in the field was more definitive, with strain PPRICI3
showing superior symbiotic performance and producing high quality and
quantity yields in both Cyclopia species. The use of rhizobial inoculant
technology is therefore essential for the sustainable production of large
quantities of high quality tea by low-capital farmers. This study recommends
the use of strain‘ PPRICI3 as a rhizobial inoculant for Cyclopia cultivation in
the nursery and in fields that are free of native Cyclopia-compatibie rhizobia. It
is further recommended that strain UCT44b not be used in the cuitivation of
Cyclopia as it is not effective but is highly invasive under both nursery and

field conditions.
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Chapter 8

Antibiotic resistance and indirect ELISA methodology: An
evaluation of their suitability for studying the competitive
ability of selected Cyclopia rhizobia under glasshouse and
field conditions.

8.1 Introduction

Maximising legume N; fixation in the agricultural setting is achieved by
optimising conditions that enhance the Np-fixing symbiosis, usually through
soil amelioration and/or the provision of sufficient quantities of an effective
rhizobial symbiont applied as an inoculant (Peterson & Loynachan, 1981;
Brockwell et al., 1995a; Peoples et al., 1995). The initial selection of a suitable
inoculant strain is usually based on its ability to fix atmospheric N, under
bacteriologically controlled conditions in the glasshouse (Svenning et al.,
19891; Howieson et al., 2000a; Fening & Danso, 2002; Chapter 6). Under field
conditions, however, rhizobia are subjected to many biotic and abiotic
stresses and their performance is easily altered. One of the major biotic
factors influencing strain performance in the field is competition with
endogenous native soil rhizobia. These strains often out-compete introduced
inoculant strains, leading to poor legume response to inoculation (Carter et
al., 1995; Denton ef al, 2003; Okogun & Sanginga, 2003). To promote
response to inoculation, rhizobial strains must be successful competitors in
the field environment. It is therefore important that the competitive abilities of
selected strains are tested prior to recommending their use as commercial
inoculants. The methodology of strain identification within nodules has,
however, limited this field of research.

There are three major approaches to identifying rhizobial strains in nodules: 1)
antibiotic resistance, 2) serological techniques and more recently 3) genetic
markers. Antibiotic-resistance has traditionally been used as a marker in
competition studies, as the method is simple and does not require specialised
knowledge or equipment (Josey et al, 1979; Jones & Bromfield, 1979;
Schwinghamer & Dudman, 1980; Stein et al., 1982; Dakora, 1985; Ramirez et
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al., 1998). The intrinsic resistance of rhizobial strains to a range of antibiotics
can also be used to fingerprint strains. Alternatively, mutants resistant to high
levels of antibiotics can be raised and used in competition experiments, their
antibiotic resistance marker making them identifiable in nodules. Antibiotic
mutants are easy to select and screening for nodule occupancy by
antibiotically-marked strains is straight forward. There are, however, a number
of disadvantages associated with ‘the use of antibiotic resistance markers.
Firstly, antibiotic resistance has been reported to decrease nodulation
competitiveness in some strains (Zelazna-Kowalska, 1971; Jones &
Bromfield, 1979; Turco et al., 1986; Lochner et al., 1989, 1991) and secondly,
strains need to be isolated from individual nodules, making it difficult to
achieve reasonable sample sizes. Despite these drawbacks, antibiotic
resistance can be a useful tool in competition studies if mutants are pre-tested

to ensure that their competitive ability is unaltered.

Serological identification of rhizobial strains uses antibodies raised against the
surface antigens of a test strain to detect the presence or absence of that
strain  in a suspension through agglutination, immunodiffusion,
immunofluorescence or the enzyme-linked immunosorbent assay (ELISA).
The method is particularly useful in ecological studies, as the antigenic
properties of rhizobia are stable characteristics (Brockwell et al, 1977,
Diatloff, 1977; Berger et al., 1979). The major advantage of serological
identification methods is that they require no modification of the test strain, the
competitive ability of which therefore remains unaltered. Like the antibiotic
marker technique, agglutination and immunodiffusion techniques require
isolation and sub-culturing of rhizobia from test nodules, making these
techniques time-consuming and impractical. The immunofluorescence
technique has been successfully used in rapidly identifying rhizobial strains
(Bohlool & Schmidt, 1970; Kosslak et al., 1983; Josephson et al., 1991) but is
not widely used, as it requires expensive microscopic equipment and large
quantities of labelled antibody. The ELISA technique, which has proved highly
specific and reproducible, can be used to detect rhizobial strains directly from
nodule tissue. The method is sensitive and can detect antigens in small

nodules, it uses small quantities of reagents and is relatively quick, permitting
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the rapid screening of a substantial number of nodules simultaneously. The
method has the further advantage of being able to detect double strain
occupancy of nodules (Fuhrmann & Wollum, 1985; Martensson et al., 1984;
Smith & Wollum, 1989; George & Robert, 1992, Brutti ef al., 1998). The major
factor limiting the wide application of serological techniques is cross-reactions
with other strains, which leads to false positive results. Cross-reactions are
particularly common with native strains in field soils, limiting the application of
serological identification methods in field studies.

A recent advance in strain detection methodology has been the introduction of
stable genetic markers (Jefferson, 1989; Meighen, 1991; Streit et al, 1995;
Wilson ef al., 1995; Sessitsch et al., 1998) and DNA probes (Steffan et al.
1988, Armann et al., 1991; Krishnan & Pueppke, 1992; Bjourson et al., 1992)
into test strains. This method presents similar problems to the antibiotic
marker technique in that the addition of the marker, in this case a foreign
gene, increases the metabolic burden on the cell (McCormick, 1986), often
affecting its competitive ability (Pankhurst et al., 1986; Law & Strijdom, 1989;
Liu ef al., 1989). There is also controversy surrounding the use of transgenic
organisms and their release into the environment (Veal et al., 1992; van Veen
ef al., 1997; Davidson, 1999; Sessitsch et al., 2002) and the method has the
further disadvantage of requiring specialised knowledge and equipment and is
therefore not appropriate for low-technology laboratories.

In this study, the suitability of the antibiotic resistance techniques (intrinsic
fingerprinting and high-resistance marking) and the serological indirect ELISA
method were assessed for detecting selected Cyclopia rhizobia in the
glasshouse and the field. Four rhizobial strains were used in this study: strains
PPRICI3, UCT40a, UCT44b and UCT61a. The strains were isolated from wild
Cyclopia species growing in the Mediterranean heathland vegetation (fynbos)
of the Western Cape of South Africa (Chapter 5). Strain PPRICI3 was isolated
by the Plant Protection Research Institute (PPRI) of South Africa and is
currently used for Cyclopia cultivation trials. Strains UCT40a, UCT61a and
UCT44b were selected in previous studies (see Chapters 5 and 6) for their
ability to effectively fix N, under glasshouse conditions, and have potential as
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rhizobial inoculants for Cyclopia cultivation. The ability of these strains to
perform under nursery conditions, and in a low-N field free from Cyclopia-
compatible rhizobia, was examined in the previous study (Chapter 7). The
intrinsic competitive abilities of these strains, and their performance in fields

containing Cyclopia-compatible rhizobia has, however, never been tested.

8.2 Materials and methods

8.2.1 Antibiotic resistance methods

8.2.1.1 Intrinsic resistance

i

The intrinsic resistance of the Cyclopia strains to the antibiotics streptomycin
sulphate (Sigma Chemical Co. Ltd.) and spectinomycin dihydrochloride
pentahydrate (Fluka Biochemica Ltd.) was determined by streaking rhizobial
culture onto yeast-mannitol agar plates containing 13 incremental
concentrations of streptomycin (0 to 5 ug.mL™") or 9 levels of spectinomycin (0
to 20 pg.mL™). The antibiotics were first sterilised by filtration through a 0.45
pm Millipore filter before addition to autoclaved YMA (cooled to < 50°C).
Plates were prepared and streaked in triplicates. Test strains were grown in
yeast-mannitol broth (YMB, see General Methodology, Chapter 2) at 18°C to
0.6 ODgpo, serially diluted to 10" and 0.1 mL streaked anto each plate. Colony
forming units (CFU) per plate were counted after 4 d of growth. A strain was
considered to have intrinsic resistance to an antibiotic if it attained 50% or
more growth on antibiotic plates (CFU per plate) compared to antibiotic-free
control plates.

8.2.1.2 Antibiotic marking

To raise spontaneous antibiotic-resistant mutants, YMA plates were prepared
and streptomycin or spectinomycin incorporated at 10 x the intrinsic
resistance level of the test strain (using results from the previous experiment,
see Table 8.1). Unmarked parent strains were grown in YMB to 0.6 ODgy and
0.1 mL (10" - 10% cells) of each test strain streaked onto 5 replicate
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streptomycin-marked plates. Spontaneous mutants that appeared within 5 d
of growth were isolated, re-streaked on sterile streptomycin-agar contained in
McCartney bottles and stored at 0°C. For each test strain 3 streptomycin-
resistant mutants were randomly selected, grown in YMB broth to 0.6 ODggq
and 0.1 mL streaked onto each of 5 replicate spectinomycin-marked plates.
Spontaneous mutants were isolated, re-streaked onto plates containing both
antibiotics and stored at 0°C in sterile McCartney bottles on YMA slants
containing the two antibiotics. For strain PPRICI3, only streptomycin-resistant
mutants were obtained, as no doubly marked colonies appeared after 10 d of
growth. For strain UCT40a, only 2 doubly-marked colonies were obtained. \

Table 8.1. Levels of antibiotics used to select antibiotic-resistant mutants.

Concentration of antibiotics used to mark strain (ug.mL")

PPRICI3 UCT40a UCT44b UcTs1a
Antibiotic
Streptomycin 1 1 10 5
Spectinomycin 10 5 80 80

8.2.1.3 Integrity tests

Leonard jar assemblies supplied with N-free Y strength Hoagland’s nutrient
solution (General Methodology, Chapter 2) were used to assess the
competitive ability of marked strains compared to their unmarked parents.
Treatments included jars inoculated with parent or marked strains as well as
1:1 mixtures of parent and marked strains. Uninoculated jars served as
negative controls. Jars were autoclaved prior to planting with sterile pre-
germinated seedlings of Cyclopia maculata, a fast-growing species on which
all parent strains are effective. Jars were arranged in the glasshouse in a
completely randomised design, with 5 replicates and one seedling per jar. The
glasshouse provided a 12-h day and night, with a temperature range of 16 -
28°C.
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Treatment strains were grown in YMB to 0.6 ODggq, diluted to 0.2 ODgye and
each jar inoculated with 1 mlL of the appropriate strain. For the mixed
treatments, strains were mixed 1:1 before inoculation. Cell numbers were
estimated as CFU.mL™ inoculant by streaking serial dilutions of the inoculant
onto antibiotic-free YMA plates in triplicate and counting CFU after 4 d of
growth (see General Methodology, Chapter 2). Cell density across all
treatment inoculants ranged from 1 x 10® to 5 x 10° CFU.mL™ culture.

Plants were harvested at 16 weeks and each separated into shoot, root and
nodules. Nodules were counted and weighed and shoots and roots dried to
constant weight at 60°C and weighed to determine plant total dry matter.
Rhizobia were isolated from the larger nodules (5 to 10 per jar) according to
the procedures of Vincent (1970) outlined in the General Methodology chapter
(Chapter 2). Each isolate was streaked onto 3 replicate plates with the
antibictics streptomycin and spectinomycin incorporated at levels appropriate
for the test strain (Table 8.1), and 3 antibiotic-free plates for comparison. More
than 50% growth on antibiotic plates (CFU per plate), compared to growth on
the antibiotic-free plates, considered the strain resistant to antibiotics and the
nodule occupied by the marked strain. The number of nodules occupied by a
marked strain, rather than its parent, provided an assessment of the

competitive ability of the marked strain.

Nodule occupancy data were pooled for each treatment and analysed using a
2 test against a null hypothesis of 50% expected nodule occupancy for equal
competitive ability between marked and parent strains. The appropriateness
of data pooling was assessed using heterogeneity x° tests (Zar, 1984). For the
marked strain treatments, the ability to grow on antibiotic plates provided a
measure of the strains retention of antibiotic resistance after plant passage,
with a reduction in growth indicating loss of the antibiotic marker.
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8.2.2 Indirect ELISA technique

There are two forms of ELISA: the direct “double-antibody sandwich” method
and the indirect ELISA method. The direct test requires the initial adsorption
of purified primary antibody followed by adsorption of the antigen and
enzyme-labelled secondary antibody that has been conjugated with the
trapped antigen (Kishinevsky & Bar-Joseph, 1978). This is a sensitive but
time-consuming method as it necessitates the preparation of a different
antibody-conjugate for each rhizobial strain to be tested. In the indirect test,
the antigen is adsorbed, followed by the application of purified primary
antibody énd a single secondary antibody-conjugate. The antibody-conjugate
(usually goat anti-rabbit conjugate) is commercially available and can be used
in conjunction with a number of strain-specific antibody preparations. The
method is simpler, but has lower analytical sensitivity than the direct method
(Kishinevsky & Maoz, 1983, Evans ef al, 1996). The indirect ELISA
technique, modified from Kishinevsky and Maoz (1983) was tested here for its
ability to identify Cyclopia rhizobia in both the glasshouse and the field.

8.2.2.1 Production of strain-specific primary antibodies

The 4 test strains were grown in a defined yeast-free broth containing 0.5 g
KaHPQ4, 0.2 g MgS04.7H20, 0.1 g NaCl, 0.5 g KHPO,4 and 10 g mannitol in 1L
distilled H,0 (Vincent, 1970) and incubated at 18°C to 0.4 ODggy =. To remove
exopolysaccharides (produced in large quantities by strains UCT44b and
UCT61a) the bacterial cells were washed 3 times by repeated centrifugation
in phosphate-buffered saline (PBS). The final sediment was suspended in 10
mL saline solution (150 mM NaCl) to a final concentration of > 10° CFU.mL".

Antibodies were prepared against each test strain using adult New Zealand
White rabbits (with permission from the University of Cape Town animal ethics
committee). Rabbits were bled prior to inoculation to assess their pre-
inoculation antibody levels. One rabbit was used for each test strain and was
given injections of the appropriate antigen according to the following
schedule: Day 1, 0.5 mL intramuscular injections into each hind leg (with
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equal parts Freund's complete adjuvant mixed prior to injection); Day 14, 1
mL intravenous injection; Day 21, 1 mL intravenous injection; Day 28, 1 mL
intravenous injection; Day 35, trial bleed to check antiserum titre; Day 37,
bleed by cardiac puncture after 0.15 mbL intravenous acetylpromazine
(sedative) injection. Intravenous injections and trial bleeds were via the

marginal ear vein.

Collected blood was incubated for 1 h at 37°C to facilitate clotting and then
held at 4°C overnight to extrude serum. Serum was withdrawn, centrifuged to
remove residual cells and then stored at —20°C in 0.5 mL aquilots. Antiserum
titres were tested using the long agglutination test of Vincent (1970). No
precipitation reactions occurred with the pre-inoculation sera and strong
aggultinations occurred with the test antisera. Antisera agglutination titres
were 1:600, 1:200, 1:400 and 1:500 for strains PPRICI3, UCT40a, UCT44b
and UCT61a respectively.

8.2.2.2 Antigen preparation

Cyclopia maculata seedlings were grown on nutrient-agar slants in individual
sterile tubes as described under General Methodology (Chapter 2). After 3
wks of growth, the tubes were inoculated With treatment strains (n = 3)and 3
tubes left uninoculated to serve as negative controls. The inoculation
treatments included pure cultures of the 4 test strains and soil washes
prepared from 3 farm soils (newly cleared fields at sites P4 Waboomskraal
and P5 Rein’s Farms, Table 3.1 of Chapter 3, and the Kanetberg farm,
Chapter 9). Nodules were harvested from the seedlings after 6 wks growth.
Three large nodules were harvested from each pure strain treatment and 10
from each soil wash treatment. This gave a total of 9 nodules for each pure
strain treatment, all containing the same antigen, and 30 nodules for each soil
wash treatment, most probably containing a range of antigens. Antigens were
extracted from the nodules by crushing individual nodules (mass ~ 0.15 g) in
50 ul PBS and transferring 10 L of the nodule crush into 1 mL PBS (giving a
low antigen concentration). The antigens were stored in 1.5 mL eppendorf
vials at 0°C and used within 48 h.
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8.2.2 3 Analytical sensitivity

Checkerboard assays were carried out to determine the effect of primary
antibody concentrations (described above) and secondary antibody-conjugate
(goat anti-rabbit antibody conjugated to alkaline-A-phosphatase, Sigma-
Aldrich Chemical Co. Ltd.) concentrations on the sensitivity of antigen
detection. The primary antibody concentration was found to have no effect on
absorbance readings, whereas a lower secondary antibody concentration of
1:4000 (diluted in 1% non-fat milk-PBS solution) significantly increased the
analytical sensitivity of the test (data not shown).

Two sets of cross-reaction tests were carried out. The first used the antigens
prepared from the 4 test strains (9 antigens per strain) and the second the soil
wash antigens (90 antigens prepared from 3 farm soils). All possible primary
antibody x antigen combinations were tested in duplicates. Wells of polysorp
immunoplates (AEC-Amersham Co.) were coated with 100 puL of antigen and
left at 5°C overnight. The plates were then washed 3 times with PBS (250 pl
per well) and blocked with 200 uL 1% non-fat milk in PBS per well. After
incubating at room temperature for 2 h, 100 ulL of the appropriate primary
antibody (1:4000 diluted in 1% non-fat milk-PBS) was added to each well and
the plates incubated for 2 h at room temperature. After washing in PBS, 100
uL. of secondary antibody was added to each well (1:4000 diluted in 1% non-
fat milk-PBS). The plates were then incubated at 37°C for 1 h and washed as
before. Finally the chromogenic enzyme substrate, p-nitrophenyl phosphate in
10% Tris-HCI buffer (Sigma-Aldrich chemical Co.), was added at 100 pL per
well and the plates incubated in the dark until absorbance readings reached

1.0 ODyos for positive controls (approximately 30 min).
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8.3 Results

8.3.1 Antibiotic Resistance method

8.3.1.1 Intrinsic resistance

The Cyclopia strains fell into two distinct groups with regard to their intrinsic
antibiotic resistance, with strains UCT44b and UCT61a showing higher
resistance than strains UCT40a and PPRICI3 to both streptomycin and
spectinomycin (Figure 8.1). Strain UCT44b was tolerant to 1.4 — 1.6 pg.mL™"
streptomycin and to 5.0 — 10 pg.mL™ spectinomycin. Strain UCT61a had a
slightly lower tolerance to streptomycin, about 0.6 — 0.8 pg.mL™", but exhibited
a higher tolerance of spectinomycin, about 10.0 — 20.0 pg.mL™. Strains
UCT40a and PPRICI3 on the other hand were highly sensitive to both
antibiotics. These strains were both resistant to 0.1 - 0.2 pg.mL™"
streptomycin, and to 0.4 — 0.6 ug.mL™ and 0.6 — 0.8 ug.mL™ spectinomycin
respectively, a magnitude lower than the more resistant strains UCT44b and
UCT61a.
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Figure 8.1. Intrinsic resistance of Cyclopia rhizobial strains to streptomycin sulphate
{A) and spectinomycin dihydrochloride pentahydrate (B). Values are mean colony
forming units (CFU} per plate, n = 3 and error bars represent standard errors,

8.3.1.2 Inteqgrity of antibiotically marked strains

The unincculated control jars showed significantly lower plant dry matter
compared to the inoculated jars (Students t-test, tag = 2.82, P < 0.01) and
were not nodulated, confirming the sterile nature of the experiment. The
antibiotic marker did not change the nodulation or Ne-fixing ability of any of the
marked strains, as there were no significant differences in plant biomass,

nodule mass or nodule number between treatments {across all inoculated
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treatments and when tested separately for each strain against its marked
mutants, 1-way ANOVAs, F> 0.05).

The antibiotically marked strains varied in their ability to compete with their
parents for nodule occupancy (Table 8.2). Marked strains of UCT44b and
UCTB1a showed significantly reduced competitive abilities, while marked
strains of PPRICI3 retained their competitive abilities. Marked strain
UCT40ammy, also retained its competitive ability, while marked strain
UCT40amyr showed increased competitive ability compared to its unmarked

parent.

Table 8.2 Competitive abllities of antibictically-marked straing comparzed o their
unmarked parents.

Treatmant Number of Number able % Nodule Competitive
isolates to grow on occupancy ability of
tested YA + by marked marked
antibiotics strain strain
UCT40s + LICT40aMidt 44 a0 e 0N I
UCT40a + UCT40aMia2 28 14 &0.0 L
UCT44b + UCT44b kel 18 4 22,27 R
UCT44b + UCT44bARAZ 28 12 i R
UCT44b = DCT440MEA3 25 10 d85 U
UCTE1a + UCTE akdkd ! 50 4] o R
UCTB1a + UCTE1alfkd2 52 ] o R
UCTE1a + UCTE1alikd3 a0 ] o* &4
FFRICI3 + PPRICISAMET? 53] 21 80.0 LI
FPRICIZ + PPRICIZMkd 2 a 19 61.2 i}
FPRICIZ + PPRICI3MkS 3 10 323 U

* Denctes significant devialion from the expected frequency of 50% nodule ocoupancy using
a y° test on pooled data, P < 0.05. Symbols indicate | = increased, U = unchanged and R =
reduced competitive ability of the marked strain compared ta its unmarked parent,

The marked strains also varied in their retention of the antibiotic resistance
marker after plant passage (Table 8.3). Marked PPRICES strains retained their
resistance marker, while those of UCT40a and UCT44bh showed a slight
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reduction in anfibiotic resistance. Two of the marked UCTE1a strains

(UCTB1anmar @nd UCTE1ammqz) lost their antibiotic marker after plant passage.

Table §.3. Retention of the antibictic resistance marker after plant passage.

Numter able % Retantion of

Marked Strain Number of to grow on antibiotic
isplates tested YMA + rasistance
anfibiotics

UCT40ahdka 1 25 23 2.0
UCT40ahkdkd2 25 25 100
UCT44bMk07 20 20 100
UCT44bAkd 2 21 17 81.0
UCT44bMKd3 19 18 842
UCTE1afkd 16 0 L

UCTR1ahdko2 14 0 0

LCTE1aMkd3 13 13 100
FPREICIZAMEA? 19 19 100
FPRICIZN&HZ2 19 19 100
FPREICIZNRAS 20 20 100

8.3.2 Indirect ELISA tests

Results of the cross-reaction tests using the pure antigens PPRICE3, UCT4da,
UCT44b and UCT61a (isclated from nodules of plants inocutated with these
strains] are shown in Figure 8.2. Abscrbance readings were clear and
unambiguous and there were no cross-reactions (i.e. no false positive results
for non-appropriate antigen x antibody combinations). In addition, non-specific
adsorption (onto plant tissue and with the PBS substrate) was low (< 0.15
ODyps). There was some variation in the reactivity of the primary antibodies.
Antibodies raised against strains UCT44b and UCT61a produced readings of
= 1.50 ODy4ps, while strains PPRICI3 and UCT40a gave lower positive
readings of about 1.0 0Dy, The negative readings for all strains were = 0.50

OD4ps, but were higher for sirain UCT40a than the other 3 test strains.
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Figure B8.2. Cross-reaction tests. Results of indirect ELISAs testing the primary
antibodies against the 4 test antigens, as well as against plant tissue and PES
controls. Nine antigens were prepared for each test strain and each was assayed in
duplicates. Error bars represent standard errors and are not visible, as ranged from
0.001 - 0.006 ODygs.

Cross-reaction tests using random antigens extracted from the 3 farm sails
praduced less defined readings and there were a number of distinct cross-
reactions {Table 8.4). The primary antibodies raised against strains UCT40a
and UCT61a gave absorbance readings that were unambiguously negative (<
0.30 ODugs). Optical density readings were somewhat higher (£ 0.50 ODass)
for the antibody raised against strain UCT44b, but all readings, except those
from one antigen, were still distinguishable as negative. The readings for the
primary antibody raised against strain PPRICI3 were ambiguous (= 0.50
OD40s5) and the antibody produced many false positive readings {= 1.0 Asz).
Cross-reactions were more than 50% for each farm soil. For the antigens
isolated from soils of Rein's farms (PB) soil, the indirect ELISA with this

primary antibody produced 90% false positive readings (Table 8.4),
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Table 8.4. Cross reaction tests. Results of the indirect ELISAs testing the primary
antibodies against random antigens extracted from 3 different farm soils.

1° antibody
Antigen PPRICI3 UCT40a UCT44b UCT61a
P4 60 0 0 0
P5 90 0 0 0
Kanetberg 55 0 3 0

! Data are % of antigens testing positive (2 1.0 ODys), n = 30, assayed in duplicate.

8.4 Discussion and conclusions

8.4.1 Antibiotic resistance techniques

8.4.1.1 Intrinsic Resistance

The Cyclopia strains fell into two distinct groups with regard to their intrinsic
antibiotic resistance, with the same pattern repeated for both streptomycin
and spectinomycin. Strains within a group cannot, therefore, be distinguished
from one another based on their intrinsic antibiotic resistance, which restricts
the use of this method in comparative competition studies.

It is interesting to note that the two groups also show differences with respect
to other colony characteristics. Strains UCT40a and PPRICI3, which belong to
the low resistance groUp, both form small, discrete, opaque colonies that
show little exopolysaccharide gum production. According to the genetic
investigations of Kock (2003), these two strains are the same species. Strains
UCT44b and UCT61a, on the other hand, are genetically different from one
another and from strains PPRICI3 and UCT40a (Chapter 5). They are fast
growing colonies that spread across the agar surface producing large
quantities of translucent exopolysaccharide gum, as described in Chapter 5.
This finding agrees with those of Sinclair and Eaglesham (1984) and Lucrecia
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et al. (1987), who found faster-growing “wet” colonies to have higher antibiotic

resistance than “dry” colonies.

8.4.1.2 Antibiotically marked mutants

Marked strains from the intrinsically low resistance group performed well,
retaining their competitive abilities and their antibiotic-resistance marking tags,
with strain UCT40aumgs even showing increased competitive ability compared
to its parent strain. Marked strains of UCT44b and UCT61a, on the other
hand, showed no reduction in Nxfixing ability, but exhibited reduced
competitive ability relative to their parent strains. This reduction in competitive
ability was distinct for UCT61auma3, Which gained zero nodule occupancy in
competition with its parent strain. Strains UCT61apmqs and UCT61auyu,, also
lost their competitive ability, but this was most likely a reflection of the strains
losing their antibiotic marker tag and becoming unidentifiable. Strain
UCT44bumegr also showed some loss of its antibiotic resistance marker. The
loss of the antibiotic marking tag is unusual and may have resulted from back
mutation over the 16-wk experiment, suggesting genetic instability in strains
UCT61a and UCT44b.

Only marked strains of PPRICI3 can be confidently used in competition
studies in the glasshouse, as they retained their antibiotic markers and show
unchanged competitive abilities. The antibiotic marking method does not
therefore allow for a full comparative study across the 4 test strains. The
method is also dubious for field studies as strains from the high resistance
group may exist in the field environment and, as such strains are intrinsically
resistant to the marker level used for the low level group (Table 8.1), they may
produce false positive readings for experiments using marked strains of
PPRICI3 and UCT40a. As all 4 strains were isolated from the same region
and from the same area proposed for Cyclopia cultivation (the fynbos in the
Western Cape of South Africa), the presence of intrinsically high-resistance
rhizobia in the field is probable and may present problems when identifying
antibiotically marked strains from the low resistance group in field competition
experiments. In addition, concerns have been raised regarding the
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consequences of releasing antibiotic-resistant bacteria into field environments
(Davies, 1996; Salyers & Shoemaker, 1996; van Veen et al., 1997).

8.4.2 Indirect ELISA technique

The indirect ELISA technique is more suitable than the antibiotic resistance
methods for identifying Cyclopia strains in nodules in glasshouse and field
studies. There were no cross-reactions between the 4 test strains, showing
that they are antigenically different (Figure 8.2). All 4 primary antibodies
reacted strongly with their appropriate homologous strain, producing
absorbance readings that were easily distinguished from heterologous strains,
making this technique ideal for strain identification in comparative glasshouse

competition studies:

The technique is also ideally suited to field studies using strains UCT40a,
UCT44b and UCT61a. The antibodies raised against strains UCT40a and
UCT61a did not cross-react with antigens from any of the 3 farm soils and the
antibody raised against strain UCT44b provided only one ambiguous positive
result (0.69 ODgos with an antigen derived from the Kanetberg farm soil), but
did not cross-react with antigens from the other 3 field sites (Table 8.4). The
antibody raised against strain PPRICI3, on the other hand, produced many
false positive results, making the indirect ELISA method unsuitable for
identifying this strain in field experiments. The reason for the high level of
cross-reactions with the PPRICI3 antibody remains unclear. According to the
polyphasic taxonomic investigations of Kock (2003), strain PPRICI3 is
genetically identical to strain UCT40a. But, as the strains produced antibodies
with different specificity levels they must differ in their surface antigen
characteristics and it is unlikely that they are identical.

In conclusion, the antibiotic marker method was found unsuitable for
identifying Cyclopia rhizobia in competition experiments in both glasshouse
and field conditions. However, the indirect ELISA technique was found

suitable for identifying these strains in glasshouse studies. The method was
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also appropriate for identifying strains UCT40a, UCT44b and UCT61a, but not
strain PPRICIS3, in field competition studies.
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Chapter 9

The competitive ability of selected Cyclopia rhizobia under
‘glasshouse and field conditions.

9.1 Introduction

The standard approach to improving symbiotic N2 fixation in legumes is to
apply sufficient quantities of an effective rhizobial symbiont as an inoculant
(Peterson & Loynachan, 1981; Brockwell et al., 1995a; Peoples et al., 1995).
The initial selection of a suitable inoculant strain is usuaily based on its ability
to fix atmospheric N2 under bacteriologically -controlled conditions in the
glasshouse (Svenning ef al., 1991; Howieson et al., 2000a; Fening & Danso,
2002; Chapter 6). Success in the glasshouse cannot, however, be
extrapolated to the field environment where rhizobia encounter diverse biotic

and abiotic factors that affect their symbiotic performance.

A major biotic factor limiting the performance of introduced inoculant strains in
the field is competition from native soil rhizobia. Endogenous soil rhizobia
often out-compete inoculant strains, leading to limited inoculation benefit on
crop yields (Streeter, 1994, Carter et al., 1995; Denton et al., 2003; Okogun &
Sanginga, 2003). This is not a problem when native soil rhizobia are effective
N. fixers (Fabiano & Arias, 1991; Denton et al., 2002), but becomes a major
setback when native strains are ineffective (Amarger, 1981; Tas et al., 1996;
Thies et al., 1991; Okogun & Sanginga, 2003). In N-limited soils, legume root
infection by ineffective rhizobia can result in insufficient N supply to meet
maximum yield potential. In higher N environments competitive success by
ineffective native strains leads to increased legume dependence on soil N,
with the potential for soil N depletion. Achieving an effective Np-fixing
symbiosis under field conditions requires a rhizobial strain that can fix N
under both low and high N conditions. More importantly, these strains need to

successfully out-compete native rhizobia for nodule occupancy and it is
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therefore essential that the competitive abilities of selected rhizobial strains

are tested prior to their recommendation as commercial inoculants.

Cyclopia rhizobial strain PPRICI3 was isolated by the Plant Protection
Research Institute (PPRI) of South Africa and is the rhizobial strain currently
used for Cyclopia cultivation trials. Cyclopia strains UCT40a, UCT61a and
UCT44b were selected in previous studies (Chapters 5 and 6) for their ability
to effectively fix No under glasshouse conditions, and have potential as
rhizobial inoculants for Cyclopia cultivation. The ability of these 4 strains to
perform under nursery conditions, and in a low-N field free from Cyclopia-
compatible rhizobia, was examined in the previous study (Chapter 7), but their
intrinsic competitive abilities and their performance in fields containing
Cyclopia-compatible rhizobia has never been tested, even though strain

PPRICI3 is currently recommended for field use.

The aims of this study were thus to 1) compare the competitive abilities of the
3 newly selected UCT strains with strain PPRICI3 under glasshouse
conditions, and 2) to investigate the competitive abilities of all 4 Cyclopia
strains against native rhizobia in field soil under both glasshouse and field

conditions.
9.2 Materials and methods

9.2.1 Experiment 1. Paired comparison of UCT strains versus strain
PPRICI3 in the glasshouse.

The competitive abilities of strains UCT40a, UCT44b and UCT61a were
tested against that of strain PPRCI3 using modified Leonard jar assemblies.
The Leonard jars were set up with either sterile sand supplied with N-free %
strength Hoagland’s nutrient solution (Hewitt, 1966) or unsterilised field soil
supplied with sterile, distilled water (see General Methodology, Chapter 2).
The soil was collected from a field previously under vines at the Agricultural

Research Council (ARC) experimental station in Stellenbosch, Western Cape
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(33°S, 18°W, DD i.e. the Stellenbosch site of Chapter 7). Five 0 — 30 cm soil
samples were collected from the field, thoroughly mixed, wet sieved through a
50 mm mesh and used to prepare the Leonard jar assemblies. Sub-samples
were analysed for their chemical and physical properties as described in the
General Methodology (Chapter 2).

The Leonard jars were planted with sterile pre-germinated seedlings of
Cyclopia subternata, the honeybush species with the most potential for
cultivation and honeybush tea production (see General Methodology, Chapter
2, for a full description of the pre-germination techniques). The Leonard jars
were arranged in the glasshouse in a completely randomised block design,
with 5 replicate jars per treatment and one seedling per jar. The glasshouse
provided a 14-h day and 10-h night, with a temperature range of 16 - 32°C.
Treatments included jars inoculated with strain PPRICI3 and with each of the
other UCT test strains, as well as 1:1 mixtures of PPRICI3 and one of each of
the other test strains. Five uninoculated jars were included as controls.
Treatment strains were each grown in yeast-mannitol broth (YMB) at 18°C to
0.6 ODgoonm (General Methodology, Chapter 2). Cell density was estimated as
colony forming units (CFU) per mL broth by streaking serial dilutions onto
yeast-mannitol agar (YMA) plates in triplicates and counting CFU after 3 d
growth. The broth cultures (stored at 0°C) were diluted to contain 1 x 10°
cells.mL™ and each jar inoculated with 1 mL of the appropriate strain. For the
paired comparisons (1:1 mixed inoculant treatments), strains were mixed prior
to inoculation.

Plants were harvested at 16 wks, their nodules removed, counted and
weighed. Nodule occupancy was determined using the indirect ELISA
technique modified from Kishinevsky and Maoz (1983) and described in detail
in Chapter 8. This method proved reliable in differentiating the 4 Cyclopia
strains from each other. Nodules harvested from single-strain treatments were
used as positive and negative controls. To confim the analytical accuracy of
the method, nodules from the paired comparisons were assayed using
antibodies prepared against each strain in the treatment mixture.
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9.2.2 Experiment 2. Assessing the competitive abilities of Cyclopia
strains against native rhizobia in the field.

Field trials were set up on 2 farms situated in the south-western Cape, namely
Kanetberg near Barrydale (33°S, 20°W, DD) and Waboomskraal near George
(33°S, 22°W, CD, i.e. site P5, Table 3.1 in Chapter 3). These farms are used
by the ARC to assess the feasibility of cultivating Cyclopia as a tea crop in
these areas. Fields never planted to Cyclopia were selected for the trials. The
dominant vegetation cover at the sites included indigenous fynbos vegetation
at Kanetberg and an invasive stand of Acacia meamsii (black wattle) at
Waboomskraal. Acacia meamnsii is an aggressive Australian legume that

invades large areas of the Cape Floristic Region.

in May 2002, the vegetation at each site was cut to 0.5 m with a bush-cutter
and the soil ploughed to a depth of about 0.3 m using a rotavator plough. In
August, the fields were cleared of large organic matter and prepared into 30
raised beds, each measuring 1 x 20 m. The beds were arranged into 6 blocks,
with 5 beds per block. Beds and blocks were spaced 1.5 m apart with beds
running parallel to the direction of the slope. Agricultural-grade plastic was laid

over the beds to suppress weed growth and retain soil moisture.

Three 0 — 30 cm soil samples were collected from each block, pooled to one
sample per block and used to quantitatively assess the number of Cyclopia-
compatible native rhizobia present using the most probable number plant-
infection assay of Brockwell (1980), described under General Methodology
(Chapter 2). Cyclopia subternata was used as a host species for the MPN
- counts, as this species was used in the field competition experiments. The
remaining soil samples were air-dried, sieved (2 mm) and analysed for their
physical and chemical characteristics (General Methodology, Chapter 2).

To reduce host genetic variability, cuttings were selected over seedlings for
these trials. In March 2002, cuttings were taken from 5 C. subternata bushes

growing in an ARC experimental trial at Reins Farms, near Gouritsmond in the
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south-western Cape (34°S, 21°W, BC). Apical shoots were cut from the
bushes at 10 cm length, their lower leaves stripped and their stems dipped
into Seradix Il rooting powder for hardwood species (Maybaker SA, Pty. Ltd).
The cuttings were randomly planted out into wells of polystyrene seedling
trays, with one cutting per well. The trays were previously filled with a mix
developed by the nursery, containing equal parts of Canadian peat,
polystyrene balls and ground stone. The chemical properties of the nursery

mix were described in Chapter 7.

Inoculant strains PPRICI3, UCT40a, UCT44b and UCT61a were grown in
YMB at 18°C to 0.6 ODgge and stored at 0°C for 3 d while their cell densities
were estimated as colony forming units (CFU) per mL broth. Each broth
culture was diluted to contain about 15 x 10° cells.mL™, equivalent to the
ARC-recommended farmer rate, and used to inoculate freshly planted cuttings
at the rate of 3 mL per cutting. The treatments included the 4 Cyclopia strains
and an uninoculated control, which was supplied with sterile, rhizobia-free
YMB at 3 mL per cutting. Five trays, each with 128 cuttings, were prepared
per treatment. The trays were placed randomly into a protected nursery
environment under a constant mist-spray watering system. Prior to placing the
trays, the nursery was thoroughly washed with a 3.5% sodium hypochlorite
solution to reduce the possibility of contamination. The cuttings were grown in
the nursery for 3 months and then moved outside for 2 months to harden.

In August 2003 the cuttings, which were well nodulated and had formed
substantial rootstocks, were planted out into the field sites. Each cutting was
planted together with its plug of nursery mix into the soil via small punctures
made in the plastic mulch. The trials were set up in the prepared beds using a
randomised complete block design, with 6 replicates. The treatments were
randomly arranged in rows within each block, once per block (Montgomery,
1984, see Figure 9.1). To reduce the possibility of contamination between
treatments by rhizobia carried in runoff water, the treatment rows were laid
parallel to the direction of the slope with a 1.5 m barrier between rows. Fifteen
cuttings were planted 1 m apart in each row. In addition to the Cyclopia
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cuttings, one Phylica ericoides L.. (Rhamnaceae) cutting was planted into each
plot. This non-fixing, VA mycorrhizal Cape endemic was planted as a
reference plant for measurement of N fixation by the "N natural abundance

method.
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Figure 9.1. Design and field layout of a trial at one farm based on a 2-way factorial
arrangement in a randomised complete block design (Montgomery, 1984). The trial
was repeated at 2 locations.

The field sites were weeded twice at 3-month intervals. The trials were
harvested in May 2003, after 9 months growth. Between 8 and 14 plants
survived in each treatment row. Each plant was carefully extracted from the
soil, placed into a large plastic bag and taken to the laboratory, where they
were separated into shoots and roots. Shoot fresh mass was determined for
each plant and averaged for each treatment row. The shoots from each row

were pooled, dried to constant weight at 40°C, weighed and ground in a Wiley
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Mill (20 mesh screen) to a particle size of < 0.85 mm. The resulting samples
were stored in tightly capped vials for % N and "°N isotope analysis.

The plant roots were carefully washed under running tap water over a 1 mm
mesh sieve. Nodules were removed from each rootstock and divided into
crown (< 5 cm from the crown of the root) and distal (> 5 cm from the crown of
the root) nodules, as for the study in Chapter 7. Crown nodules were generally
those found in the original seedling tray plug, while distal nodules were those
that developed during plant growth in the field. The nodules were counted,
weighed, and an averaged calculated for each treatment row.

As with the glasshouse experiment, the nodules from plants inoculated with
strains UCT40a, UCT44b and UCT61a were analysed for strain occupancy
using the indirect ELISA technique. Nodules harvested from treatment
PPRICI3 were not analysed, as this strain is not distinguishable from native
rhizobia using this technique (Chapter 8). Crown and distal type nodules were
each pooled for a treatment row and a sub-sample of 20 nodules analysed for
each nodule type. Nodules harvested from the appropriate single-strain
treatments in Experiment 1 were used as positive and negative controls for
the assays. Thirty randomly selected nodules from uninoculated field plants
were used as further negative controls to ensure accuracy in strain detection.

9.2.3 Experiment 3. Assessing the competitive abilities of Cyclopia

strains against native soil rhizobia under glasshouse conditions.

Prior to planting the field trials, glasshouse competition experiments were set
up using soils collected from both the Kanetberg and Waboomskraal field
sites. Three 0 — 30 cm soil samples were collected from each block,
thoroughly mixed, wet-sieved (50 mm mesh) and used as rooting medium in
Leonard jars supplied with sterile distilled water. The jars were planted with
sterile, pre-germinated seedlings of Cyclopia subternata. Treatments were as
for the field trials above (i.e. inoculation with strains PPRICI3, UCT40a,
UCT44b, UCT61a and an uninoculated control), together with an additional
combined N treatment for which a 2 mM NH;NO; was added to the distilled
water of uninoculated Leonard jars. Jars were arranged in the glasshouse in a
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completely randomised block design, with 6 replicates per treatment and one
seedling per jar.

Treatment strains were grown in YMB at 18°C to 0.6 ODgge and stored at 0°C
while cell density was determined as CFU per mL broth. Each broth culture
was diluted to 1 x 10% cells.mL™! and 1 mL used to inoculate a jar. Four
additional jars were set up for each soil type and planted with pre-germinated
seedlings of Phylica ericoides, the non-fixing reference plant used in the field

experiment for measuring N; fixation by the "*N natural abundance method.

Plants were harvested at 16 wks after planting and each divided into shoot
and root. Per plant shoot fresh weights were determined and shoots dried to a
constant weight at 40°C, weighed and ground to a fine powder using a Ball
grinder (MM200, Retsch Ltd., Germany). Samples were stored in tightly
capped vials for % N and "°N isotope analysis. After carefully washing the
roots, nodules were removed, counted, weighed and used to determine
nodule occupancy by the test strains. The presence of treatment strains
UCT40a, UCT44b and UCT61a in nodules was assessed using the indirect
ELISA method, as for the field competition experiments above.

9.2.4 "*N isotope analysis and N, fixation (Psx) estimates

Values for 8N and % N were determined using a Carlo Erba NA 1500
elemental analyser (Fisons Instruments SpA, Strada Rivoltana, ltaly) coupled to
a Finnigan MAT252 mass spectrometer (Finnigan, MAT GmbH, Bremen,
Germany) via a conflo |l open-split device and expressed relative to atmospheric
N2 (described in detail in Chapter 2). For '°N analysis, 2 mg of the Cyclopia and
2.5 mg of the non-fixing Phylica ericoides samples were weighed into tin cups
and loaded into the mass spectrometer. For soil samples, 75 mg soil was
analysed in triplicates. The foliar 8°N values were corrected for the quantity of
N in the leaf of the original cutting or seedling, as described in the General
Methodology chapter (Chapter 2).
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Percentage N2 derived from fixation (Ps) was determined according to the
equation of Shearer and Koh! (1986):

(5'°N reference — 5'°N legume)
P fix = X 100 %
(8N reference - B value)

where the 5'°N reference is the mean 5N value of Phylica ericoides, §'°N
legume is the value of the test Cyclopia plants and the B value is the §"°N
value of Cyclopia subternata grown entirely dependent on N fixation for its N
supply. Standard errors and confidence intervals were determined using the
calculations of Phillips and Gregg (2001). B values were determined for each
test strain using shoots of plants from the single-strain treatments in
Experiment 1. The B values were corrected for the quantity of N contributed

by the seed.
9.2.5 Data analysis

Nodule occupancy data from the paired comparisons in Experiment 1 (i.e. the
1:1 mixtures of strain PPRICI3 with each UCT strain) were pooled for each
comparison (6 replicates pooled) and analysed using a Xz test against a null
hypothesis of 50% expected nodule occupancy for equal competitive ability
between strains. The appropriateness of data pooling was further tested using
heterogeneity %° tests (Zar, 1984). Nodules occupied by both strains in the
paired comparison (double occupancy) were noted as a percentage of the

total nodules sampled and were not included in the x° analysis.

For the field trials, plant response to inoculation was assessed as per plant
shoot fresh weight, shoot N, nodule number and mass (crown and distal) and
% nodule occupancy (with nodules considered occupied by a treatment strain
only if it was the sole occupant). The dependent variables were each
subjected to an ANOVA for a randomised complete block design (RCB) at
more than one location. This was a mixed model ANOVA, with inoculation
treatment and location being fixed effects and the block effect random
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(Montgomery (1984), Table 9.1). The location (farm) effect was tested against
an error for locations, while the inoculation treatment and the interaction
effects were tested against a total error. Where significant farm and
inoculation treatment effects were found, an RCB ANOVA was performed for
each farm, testing the significance of block and treatment effects within the
site (Table 9.2, Montgomery (1984)). Post-hoc comparisons were made using
Tukey’s (HSD) tests. Fresh shoot weight, shoot N and nodule data showed
distributions that were skewed to the left and, to meet ANOVA assumptions of
normality, the data were log (x + 1) transformed before analysis. Percentage
occupancy of field nodules (crown and distal) was arcsine ¥ transformed for
analysis. All data were back-transformed for presentation. The RCB ANOVAs
and post hoc comparisons were performed using SAS software version 8.02
(SAS Institute, USA).

Table 9.1. ANOVA table for a randomised complete block design at more than one
location (modified from Montgomery, 1984).

Source of Degrees of  Sums of Mean F
variation freedom’ squares (SSQ)  square (MS)

Location (farm) (L) -1 SSQu S8Q./(-1) MS /MSg
Error for Locations (El) " {b-1) S8Qg S8Qe/(1*{b-1))

Treatments (Tr) t-1 8S8Qr, SSQy(t-1) MS1/MSe
Treats X Locs (TxL) (t=1)*(-1) SSQuu SSQra/((t-1)"(-1))  MSp, /MSe
Error (E) I*(t-1)*(b-1) SSQe SSQe/(I*(+-1)*(b-1))

Total (Tot) t*b-1 SSQrot

" Where | = number of locations, t = number of treatments and b = number of blocks or
replications.
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Table 9.2. ANOVA design for a randomised complete block design with all blocks at
one location (modified from Montgomery, 1984).

Source of Degrees of Sums of Mean F
variation freedom’ squares square (MS)

(S8Q)
Blocks (B) b-1 S$SQs SSQg/(b-1) MSg/MSg
Treatments (Tr)  t-1 88Qyy S8Qx/(1-1) MS/MS,
Error (E) (t-1)*(b-1) SSQe SSQe/((t-1)*(b-1))
Total (Tot) t*b-1 SSQra

' Where t = number of treatments and b = number of blocks or replications.

Plant response to inoculation in Experiment 3 was analysed using 2-way
ANOVA followed by 1-way ANOVA within each soil type. The independent
variables were soil type and inoculation treatment (PPRICI3, UCT40a,
UCT44b, UCT61a and uninoculated control) while the dependent variables
were the same as for the field trials. Nodule occupancy data were similarly
arcsine V transformed for analysis and back-transformed for presentation. To
assess the effect of combined N on plant growth and nodulation, the ANOVA
was performed on the three N acquisition treatments, namely uninoculated (N-
free), inoculated (N-free) and uninoculated (+N), with the 4 inoculation
treatments pooled to provide the inoculated (N-free) treatment. Tests
performed using SYSTAT 6.0 (Statsoft Co.).

9.3 Results

9.3.1 Soil characteristics

The Stellenbosch field soil had no detectable Cyclopia-compatible rhizobia
and was thus ideal for the competition experiments between test strains
without interference from naiive rhizobia (Table 9.3). The Kanetberg and
Waboomskraal soils both contained Cyclopia-compatible native rhizobia,
making them ideal for testing the competitive abilities of the selected Cyclopia
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isolates against native rhizobia in field soil. The Kanetberg soil showed the
highest level of native rhizobia, an estimated 24 rhizobial cells per gram of
soil.

The soils were acidic and showed varied chemical (Table 9.3) and physical
(Table 9.4) characteristics. The Kanetberg soil was relatively more fertile, with
satisfactory levels of N, P and K. The Stellenbosch soil was high in clay and
coarse sand, the Kanetberg soil high in medium sand and the Waboomskraal
soil high in fine sand and organic matter (% C), with a consequently high
water holding capacity.

Table 9.3. Estimates of the number of Cyclopia-compatible native rhizobia and some
chemical properties of the soils used.

Soll pH %N NH, NOs P K MPN
- {cells/g)
(mg.kg)
Stellenbosch 4.2 0.04 <1.00 <1.00 7.3 71.0 0.0
Kanetberg 4.0 0.10 418 <100 363 137.3 24.2
Waboomskraal 4.2 0.16 1058 <1.00 2.3 97.7 4.6

Table 9.4. Physical characteristics of soils used in this study.

Soil Coarse Medium Fine Clay St %C Water
sand sand sand holding
{%} {%} {%} {%o} {%) capacity
{g 1M00g )
Stellenbosch 36 12 20 10 22 3.7 31.0
Kanetberg 10 44 30 4 12 53 385

Waboomskraal 7 5 64 4 20 11.4 58.0
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9.3.2 Experiment 1: Paired comparisons of UCT strains versus strain
PPRICI3 in the glasshouse.

Each UCT strain was compared with strain PPRICI3 in Leonard jars using
either sterile sand or soil from the Stellenbosch field. Cyclopia subternata
grew poorly in sterile sand, producing few nodules, but was well nodulated in
the Stellenbosch soil. The indirect ELISA assay proved accurate in detecting
strain occupancy. Assays using antibodies raised against each strain in the
paired comparison gave identical results. Positive and negative controls also
showed 100% accuracy in strain detection for all 4 antibodies.

Double occupancy was low. Pairing strains PPRICI3 and UCT40a or UCT44b
in soil each produced one nodule that was doubly occupied, giving 3.6% and
3.8% double occupancy for the two pairs respectively. No double occupancy
was found in the sterile-sand Leonard jars. When the doubly occupied
nodules were excluded from the statistical analysis, all the UCT strains were
equally competitive against strain PPRICI3 in both the sterile-sand and soil
systems (x° tests on podled data, P > 0.05, Table 9.5).

Table 9.5. Nodulation competitiveness of three UCT Cyclopia rhizobia against the
potential commercial inoculant strain PPRICI3.

No. nodules % Nodule
Leonard Jar Test strain  No. nodules  occupled by x’ value occupancy
medium used test strain by test strain
Sterile sand UCT40a 8 2 20 25.0
{JCT44b 12 9 3.0 75.0
CT81a 8 8 2.0 75.0
Stellenbosch UCT40a 27 11 0.9 40.7
soil UCT44b 26 14 0.2 53.8

uCTe1a 32 20 341 65.6
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9.3.3 Experiment 2: Assessing the competitive abilities of Cyclopia
strains against native rhizobia in the field.

Inoculating Cyclopia subternata with the 4 test strains had no effect on shoot
fresh weight, shoot N, nodule mass and nodule number (whether crown or
distal, Table 9.6). There was a significant location effect, with Kanetberg
showing consistently higher values for shoot fresh weight and shoot N, as well
as distal nodule number and mass relative to Waboomskraal (P < 0.05, Table
9.6).

Double strain occupancy of nodules harvested from the field trials was varied.
Double occupancy was low in the crown nodules, with only strain UCT61a at
Waboomskraal showing double occupancy (2.5%, data not shown). Distal
nodules revealed higher levels of double occupancy, especially at Kanetberg,
where distal nodules from treatments UCT61a and UCT44b showed 11.0%
and 16.7% double occupancy respectively. At Waboomskraal, double
occupancy in distal nodules was found to be 1.1%, 9.5% and 4.7% for
treatments UCT40a, UCT44b and UCT61a respectively.

Unlike the growth responses, location had no effect on rhizobial occupancy of
nodules, whether of crown or distal origin (Table 9.7). For both trials, nodule
occupancy of crown nodules was higher than that of distal nodules. The
difference was significant at Waboomskraal (Students ¢ test, f 34y = 3.8, P <
0.01, data not shown). Although the test strains themselves had no effect on
nodule occupancy in the crown region, they did significantly affect occupancy
in the distal parts of roots (Table 9.7). Strains UCT44b and UCT61a exhibited
higher nodule occupancy than strain UCT40a (Table 9.7). Distal nodule
occupancy in was significantly affected at Kanetberg (Fp, 10y = 5.7, P < 0.05),
[but not at Waboomskraal (F(2, 10y = 1.7, P > 0.05)], with strains UCT44b and
UCT61a outperforming strain UCT40a (Figure 9.2).
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Table 9.6. Response of C. subternata to inoculation with four strains of rhizobia at Kanetberg and Waboomskraal.'

Crown nodules

Distal nodules

- Shoot fresh Shoot N Nodule mass Nodule Nodule mass Nodule number
Treatments - weight {g/ plant} number {g/ plant) {per plant)
{g/ plant} {g/ plant) {per plant}

Farm Kanetberg 193.95 + 23.58 a 123+0.19a 49.12+14.73  33.6+9.3 357.07+64.34a 2545+551a
Waboomskraal 21.78+3.78 b 0.06 + 0.08 b 37.00 +8.30 29.4+49 99.82+2202b 90.9+251b
F1,10 101.3 ** 49.8 ** 0.86 ns 0.03 ns 28.57 ** 7.0*

Inoculation PPRICI3 134.83 + 37.46 0.70 + 0.33 32.94 +7.56 36.6+ 11.7 21468 £ 67.99  229.5+72.9

treatment UCT40a 97.22 + 27.62 0.42 + 0.17 40.27 + 9.01 36.4+96 250.94 + 104.53 197.0+98.5
UCT44b 89.74 £ 31.10 0.50 + 0.25 37.61 +9.11 292+74 210.34 + 86.96 124.0 + 46.0
UCT61a 84.79 + 25.85 0.39+0.14 38.04+19.91 316+ 136 109.99 + 19.84  118.7 +35.3
Uninoculated 99.18 + 58.00 0.57 + 0.33 62.50 +30.97 20.0+6.4 212.35 + 8.80 73.8+30.1
Fia.e0) 0.5 ns 1.9 ns 0.39 ns 0.2 ns 202 ns 1.3 ns

Farm x inoculation  F4) 0.3ns 18 ns 0.59 ns 0.3ns 1.86 ns 0.4 ns

! Values are mean per plant + SE and different letters within columns indicate significant differences determined by ANOVA for a randomised complete block
at more than one location followed by Tukey's HSD tests. For beiween farm comparisons, the ANOVA tested against a location error. For inoculation
treatments and for the interaction effects, the ANOVA tested against a total error. ** Denotes a significant effect at P < 0.01, * at P < 0.05 and ns no significant

difference.
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Table 9.7. Percentage nodule occupancy by strains of rhizobia used to inoculate field
plants of Cyclopia subternata at Kanetberg and Waboomskraal.'

% Nodules occupled solely by test strain

Treatments CROWHN DISTAL
Farm Kanetberg 44 00 + 12.61 23.56 + 7.80
Waboomskraal 4993 +8.28 14.62 + 4.90
F (110 0.1ns 13 ns
Inoculation UCT40a 53.47 + 15.28 6.06+4.80 b
treatment UCT44b 31.99 £ 7.40 2575+9.31a
UCT61a 50.17 + 12.24 25.45+7.84 a
F (4,40 0.3 ns §4*
Farm x inoc. Fle,a0) 0.4 ns 33ns

! values are mean + SE percentage nodule occupancy per plant. Dissimilar letters within a
column indicate significant differences determined by 2-way ANOVA for a randomised
complete block design at more than one location followed by Tukey HSD tests. * indicates a
significant difference at P < 0.05 and ns no significant difference.
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Figure 9.2. Percentage nodule occupancy by 3 Cyclopia strains at Kanetberg (A, B)
and Waboomskraal (C, D). Values are mean + SE per plant. Dissimilar letters within
a graph indicate significant differences (one-way ANOVA for a randomised complete
block design followed by Tukey's HSD tests, P < 0.05).
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9.3.4 Experiment 3. Assessing the competitive abilities of Cyclopia
strains against native soil rhizobia in the glasshouse.

In the glasshouse, shoot fresh weight, total N, nodule number and nodule
mass were all significantly higher in Kanetberg soil than Waboomskraal soil
(Table 9.8). Unlike the field experiment, inoculating Cyclopia subternata with
strains UCT40a and UCT44b produced greater shoot fresh weight compared
to strain UCT61a (Table 9.8).

Table 9.8. Response of Cyclopia subternata to inoculation with 4 rhizobial strains in 2
soil types under glasshouse conditions. '

Treatments Shoot fresh Shoot N Nodule Nodule mass

welght number {mg / plant)
(g / plant) {mg / plant} {per plant)

Soil

Kanetberg 26.77+254a 874+089a 2462+285a 5597+6.74a

Waboomskraal 13,07 +0.87b 2.90+0.20b 6.90+0.76b 6.77+1.13b

F, s0) 37.3* 44.0* 36,7+ §2.4

Inoculation

PPRICI3 2044 +420ab 6.33+1.96 17.45 + 5.04 39.64 + 14.30

UCT40a 2393+433a 6.62+1.47 19.91 +4.26 34.88 + 8.51

UCT44b 2466+520a 7.22+1.79 15.83 +4.22 42.18 + 13.03

UCT61a 15.75+2.08b 4.4310.93 16.25 + 4.51 22.29 + 6.57

Uninoc. 1769+1.86b 4.48+0.84 8.82+2.04 16.95 £ 6.27

Fia, 50) 3.2* 1.8 ns 1.3 ns 20ns

Soil x inoc.

Fa, 50) 3.0* 1.6 ns 0.5ns 17ns

! values are mean + SE per plant, different letters within a column indicate significant
differences, ** denotes a significant effect at P < 0.01, * at P < 0.05 and ns no significant
difference.

There was a significant inoculation x soil type interaction (Table 9.8), which
was reflected in increased shoot fresh weight of C. subternata plants
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inoculated with strains UCT40a, UCT44b and PPRICI3, but not with UCT61a
or with the uninoculated control in Kanetberg soil (Table 9.9).

Table 9.9. Glasshouse experiment: Effect of inoculant strain Cyclopia subternala

grown in 2 soils. '

Shoot fresh Shoot N Nodule Nodule
biomass {mg/ plant) number biomass
{g ! plant} {per plant) {mg / plant)
Kanetbherg
inoculation PPRICI3 2569+7.83ab 9.10+356 26.83+849 70.03+22.73
UCT40a 33.51+449 a 10.13+1.21 29147+506 79.47+9.99
UCT44b 3762+309a 11.89+050 25.17+653 38.46+13.77
UCT61a 19.36+3.16b 624133 26334691 38.4719.13
Noinoc. (N-free) 1769+204b  6.31+090  13.80+8.49 34.46 +8.65
Fa,25 36* 1.8 ns 0.9 ns 1.8 ns
Waboomskraal
inoculation PPRICI3 15.19 + 1.60 356+0.30 8.80+2.56 12.12 + 3.64
UCT40a 14.36 + 2.50 312+0.67 6.50+222 4.88+3.27
UCT44b 11.58 + 1.92 2.55 + 0.38 6.16 £ 0.99 6.12+0.96
UCT61a 1213+125  261+0.29  8.67+1.11 9.25+1.35
Noinoc. (N-free) 12 10+ 2.59 266+053 4.67+1.05 2.35+0.70
Fia,25) 0.6 ns 0.8 ns 1.0 ns 2.4 ns

"values are mean + SE per plant (n = 6), different letters within a column indicate significant
differences. * Denotes a significant effect at P < 0.05 and ns no significant difference.

The provision of 2 mM NH4;NO; had no significant effect on plant growth,

whether with inoculated or uninoculated treatments in both soils (Table 9.10).
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Table 9.10. Effect of combined N on inoculated and uninoculated plants of C.
subternata in two soil types under glasshouse conditions. ’

Treatments *

Shoot fresh Shoot N Nodule Nodule
biomass number blomass
{g / plant} {mg/plant} {per plant) {mg / plant)
Kanet-  Inoculated (N-free) 29.04+275 934+1.04 2688+321 60.45+7.68
berg Uninoculated (N-free) 17.69+4.08  6.31+090 13.80+3.12 19.34+865
Uninoculated (+N) 2802+545 1056+2.51 2600+3.34 56.81+588
F (2,33 1.82 ns 1.23 ns 1.84 ns 1.28 ns
Waboo  Inoculated (N-free) 13.32+092 296+0.22 763+0.86 844+ 1.36
mskraal Uninoculated (N-free) 12.10+2.59 2.66+0.53 467+1.15 235+0.77
Uninoculated (+N) 10.43+1.10 2.80+0.57 567 +1.38 328+0.87
F (2,39 0.98 ns 0.17 ns 293 ns

1.10 ns

'Values are mean + SE per plant, ns = no significant difference, P > 0.05, analysed by 1-way

ANOVA.

2 The inoculated (N-free) treatment is pooled from the 4 inoculation treatments (n = 24).

Nodule occupancy by the test strains under field soil conditions in the

glasshouse was low. There were no significant differences in occupancy by
the different strains in the Kanetberg soil (P > 0.05, Table 9.11) and, due to

exceptionally low nodule numbers, the occupancy data for the Waboomskraal

soil were not statistically analysed.

Table 9.11. Percentage nodule occupancy of 3 Cyclopia strains used to inoculate
Cyclopia subternata in Kanetberg and Waboomskraal soils in the glasshouse.’

Strain Kanetberg Waboomskraal
UCT40a 48+29 0.0
UCT44b 49+39 18.7
UCTé1a 59+ 3.6 40.0

0.14 ns Not analysed

Fia1s

! Values for Kanetberg are mean % occupancy + SE (n = 6, with 10 - 16 nodules analysed
per replicate), ns = not significant, analysed using a 1-way ANOVA, P > 0.05. For the
Waboomskraal soil, values are total % occupancy (data pooled).
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9.3.5 '°N isotope analysis and Py, estimates

The range of 8'°N values obtained for both the field and glasshouse
experiments is shown in Figure 9.3. The B values for Cyclopia subternata are
negative with low variability in the values, which ranged from —0.93 + 0.21%o
to —-0.46 + 0.09%0 depending on the inoculant strain. For the Kanetberg soil,
the Phylica ericoides reference plant showed 8'°N values of 2.10 + 0.44%o and
2.16 + 0.50%. for the field and glasshouse studies respectively. These values
were about 2.5%. lower than that of soil N (4.46 + 0.35%) and 2.7%o to 3.2%o
higher than the B values, depending on the inoculant strain. This difference,
referred to as the D value (Chapter 4), may be large enough to reliably

estimate Py using the "°N natural abundance method (see Chapter 4).

The "N natural abundance method was not suitable for estimating Pyy in the
Waboomskraal trial, as the reference plant 8'°N values (field = 0.54 + 0.52%c
and glasshouse = -0.20 + 0.20%.) were low (Figure 9.3), making the D value
too small to provide accurate estimates of Ps. The field §'°N values were
close to the B values, suggesting greater dependence on N; fixation in the

field than the glasshouse, where values were unusually elevated (Figure 9.3).

Estimates of Py for Cyclopia subternata grown in the field and the glasshouse
were low (less than 50% dependence on fixation), except for plants inoculated
with strain UCT44b in the field, although field-grown plants showed higher
levels of fixation than those in the glasshouse experiment. Interestingly, the
uninoculated control showed similar levels of fixation to the inoculated
treatments in both field and glasshouse experiments (Figure 9.4).
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Figure 9.3. Foliar 3'°N values (%) obtained for Kanetberg (A) and Waboomskraal (B)
soils in field and glasshouse experiments. Data are means (n = @) and error bars
represent standard &mrors,
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Figure 9.4 N, fixation estimates (Pg) for Cyclopia sublemata incculated with 4
Cyclopia rhizobial strains under field and glasshouse conditions in Kanetberg soils.
Estimates are mean Py, (%) + SE (n=6) per plant. SE values were calculated using
the equations of Phillips and Gregg [(2001),

9.4 Discussion

The glasshouse competition studies found the UCT strains (UCT40a, UCT44b
and UCT61za) to be equally competitive to strain PPRICI3, the strain
recommended for Cycfopia cultivation. Although comparative glasshouse
experiments such as this one are useful in screening for potential competitive
ability, the performance of strains under field conditions provides more useful
information regarding their potential as inoculant strains (Brockwell ef al.,
1995a).

The Cyclopia strains performed pootly in the field. At Waboomskraal, the UCT
strains gained occupancy of only 11 - 22% of the distal root nodules {Figure
8.2}, Nodule occupancy was also low at Kanetberg. At this site, strain
UCT40a formed no distal nodules, although strains UCT44b and UCT61a
performed better, respectively gaining 30 £ 16% ({mean x* Sk} and 42 £+ 13%
occupancy of distal nodules (Figure 9.2}, The test strains showed greater

occupancy of nodules formed in the transplant plug {the crown nodules). At
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Waboomskraal, up to 63% occupancy was achieved by the test strains and up
to 66% occupancy was gained in crown nodules harvested from the
Kanetberg trial (Figure 9.2). Inoculant strains were clearly more competitive in
the transplant plug, possibly through reduced contact with native soil rhizobia.

The poor competitiveness of inoculant strains in field experiments has been
encountered in many studies and is attributed to their uneven distribution in
the soil profile (McDermott & Graham, 1989; Postma ef al., 1990; Sylvester-
Bradley et al., 1991; Thies ef al., 1991; Brockwell et al., 1995a; Carter et al.,
1995; Patrick & Lowther, 1995; Evans et al., 1996b). The poor occupancy of
distal nodules, which are formed in the field after transplanting from the
nursery, suggests that the test strains were indeed unable to move out of the
plug to compete with endogenous soil rhizobia. Of interest, however, was the
marked difference in competitiveness between strain UCT40a and strains
UCT61a and UCT44b. The superior competitiveness of the latter probably
relates to increased mobility and root colonisation abilities.

With the Kanetberg soil tested under glasshouse conditions, the inoculant
strains occupied 4-6% of nodules formed, and were out-competed by the
extremely small population of soil rhizobia (Table 9.11). A similar result was
obtained for Waboomskraal soil. In these glasshouse experiments, the
inoculant rhizobia were placed in direct competition with soil rhizobia in
numbers that far exceeded those of the soil rhizobia. Estimated ratios of
inoculated rhizobia to native soil rhizobia were 4 000:1 for the Kanetberg soil
and 20 000:1 for the Waboomskraal soil. Population size alone therefore
cannot explain the competitive superiority of native rhizobia in the distal root
regions. Further experiments using a range of inoculant concentrations could
determine whether rhizobial population size improves nodule occupancy by

introduced strains.

The poor competitive ability of the inoculant strains tested here may have
resulted from strain selection on non-appropriate growth media in the
laboratory. Soils of the Cape Floristic Region have exceptionally low pH and P
levels (Table 3.3, Chapter 3; Cowling & Holmes, 1992), yet the recommended
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rhizobia growth media and plant-growth nutrient solutions (Hewitt, 1966;
Vincent, 1970) have neutral pH and are nutrient rich. Whether isolating native
rhizobia adapted to low nutrient environments ontb nutrient-rich media affects
strain growth and field competitiveness remains to be determined.

Due to the poor competitive ability of inoculant strains, inoculation had no
effect on Cyclopia tea yield, nodule number and nodule fresh weight. The
native rhizobial population did not only effectively nodulate uninoculated
control plants, they also out-competed introduced strains for nodule
occupancy in inoculated plants. In the Kanetberg soil, Cyclopia grew well and
provided high crop yields, possibly due to adequate soil N (0.1% N and 4.18
mg.kg™ NH,*, Table 9.3). This may also explain the lack of response to added
N in the glasshouse experiment. The low dependence on N fixation in the
Kanetberg and Waboomskraal trials relative to Cyclopia in the wild (70 - 100%
Pix, see Chapter 4) was most likely due to low P, waterlogging and the
inhibition of nodule formation and Na-fixation by high soil N. Because strain
UCT44b was more dependent on N fixation (74 + 9%), even at low nodule
occupancy, it is possible that this host-strain combination was more tolerant of
combined N, since it was able to fix N; in the presence of available soil N.
This corroborates the results of the glasshouse study (Chapter 6), which
showed strain UCT44b able to fix N, in the presence of high levels of
available N.

Although the competitive ability of strain PPRICI3 in the field was not directly
assessed, it is likely that the strain is similar in competitiveness to the UCT
strains. This assumption is based on the glasshouse data, which showed
similar levels of dependence on N fixation and equal competitive ability to the
UCT strains. As strain PPRICI3 is currently the strain recommended for
Cyclopia inoculations, its poor competitiveness in the field would mean limited
benefits of inoculation to Cyclopia plants. Where the system is N-limited and
the native rhizobia ineffective, the use of PPRICI3 inoculant technology to
improve Cyclopia yields would be considerably hampered.
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Reasons for the poor competitive ability of potential Cyclopia inoculants need
to be explored and methods of improving their competitive abilities
investigated. Firstly, laboratory and glasshouse selection procedures need to
be revisited and the development of growth media appropriate for the Cape
situation considered. The use of genetic techniques such as random DNA
amplification (Mavingui et al., 1997) or gene insertion (van Dillewijn et al.,
2001; Robleto et al., 1997, 1998) could be investigated as alternative methods
for improving the competitive ability of Cyclopia inoculants. The study by
Mavingui et al. (1997) amplified random elements of the symbiotic
extrachromosomal plasmid of Rhizobium tropici and selected for increased
competitiveness with Macroptilium atropurpureum. Amplified lines out competed
the wild type by a measure of 100%. Robleto et al. (1997, 1998) modified
Rhizobium etli to produce the peptide antibiotic trifolitoxin, which is toxic to a
wide range of bacteria, including most rhizobia. Expression of trifolitoxin (tfx)
genes inferred a competitive advantage over a near isolgenic fx" strain for
nodulation in unsterilized soil. There is, however, concern over the transfer of
such genes to less-effective rhizobia in soil populations and the use of
genetically modified organisms in the environment is a controversial topic that
is currently under debate (van Veen ef al., 1997, Davidson, 1999; Sessitsch et
al., 2002).
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Chapter 10

General discussion and recommendations

There is a recent, politically driven shift in South Africa towards sustainable
rural development and the promotion of low-capital, small-scale farming. Such
goals are, however, difficult to achieve in the Western Cape where, due to the
characteristically acidic and nutrient-poor soils, farming is largely dependent
on the use of chemical fertilizers. At the same time, a novel crop called
Cyclopia (honeybush) has emerged in the region, the shoots and flowers of
which are used to make an herbal infusion that is gaining worldwide
popularity. The Cyclopia genus is endemic to the Western Cape and is well
suited to its agriculturally-poor soils, having developed a number of strategies
to enhance nutrient uptake, including cluster roots, associations with
arbuscular mycorrhizal fungi and symbiotic associations with No-fixing rhizobia

bacteria.

The National Botanical Institute and the Agricultural Research Council of
South Africa initiated invéstigations into the cultivation potential of Cyclopia, to
prevent the over-exploitation of wild populations and to create an industry
based on a product of consistent quality. Central to the cultivation of Cyclopia
is the fact that it is a legume. Enhancing its N-fixing capacity could therefore
increase crop yields without the application of N fertilizer, a situation ideally
suited to emerging small-scale farmers and to the marketing of honeybush as
an organically-grown heath product.

The Ny-fixing status of Cyclopia was deduced from the presence of nodules
on wild and cultivated plants, but level of dependence on Na-fixation had not
previously been quantified. In this study, N. fixation was measured in Cyclopia
growing both wild and under cultivation. The >N natural abundance technique
was used to estimate N, fixation, as it is currently the only method available
for estimating N fixation by long-lived perennials in the field. The method has
proved successful in a number of systems (Shearer et al., 1983, Domenach et
al., 1989; Yoneyama et al., 1993; Hurd et al., 2001), but has been unreliable
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in others (Vitousek ef al., 1989; Pate ef al., 1993; Michelsen et al., 1996;
Nadelhoffer et al., 1996; Chang & Handley, 2000). Most difficulties surround
the lack of suitable reference plants to measure the §'°N value of soil N taken

up by the test legume.

In this study, field reference plants were found to have highly variable and
mostly negative 8'°N values. Such results caused Vitousek and Walker (1989)
to abandon the "N natural abundance method for estimating N fixation in
Myrica faya in Hawai'i. In this study, the negative §'°N values, and much of
their variability, were explained by plant-mycorrhizal associations. Fynbos
plants fall into three major groups with regard their mycorrhizal status, namely
non-mycorrhizal, arbuscular mycorrhizal and ericoid mycorrhizal (Lamont,
1982; Allsopp & Stock, 1993). In this study, foliar 8"°N values were similarly
grouped. Ericoid mcyorrhizal plants showed very negative §'°N values, asina
number of other systems (Michelsen et al., 1996, Hobbie ef al., 1999; Hogberg
et al, 1999; Hobbie et al, 2000). Plants with arbuscular mycorrhizal
associations also showed negative foliar §'°N values, but these were not as
low as those of the ericoid plants, as fractionation through arbuscular
endomycorrhizae is significantly less than through ectomycorrhizal structures
(Handley et al., 1993, Taylor et al., 1997; Azcon et al., 1998; Gebauer & Taylor,
1999). The lowered &'°N values of arbuscular mycorrhizal p!ahts possibly also
reflected a preference for NO3™ as an N source, which was assumed to have a
negative 8'°N signature in this highly nutrient-limited ecosystem, with its
closed N cycle. Plants belonging to the non-mycorrhizal families showed a
different pattern of '°N values from the mycorrhizal plants, with many positive
values. N taken up by these plants was not subject to the lowering effects of
mycorrhizal discrimination against ®N and values may have been further
increased by the preferential uptake of NHs" reported by Stock and Lewis
(1984).

The strong influence of mycorrhizal associations on foliar §'°N values has
implications for other low-nutrient systems in which mycorrhizae enhance
nutrient uptake, such as forests (Vitousek et al.,, 1989; Chang & Handley,
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2000) and the ecosystems of South West Australia (Pate et al., 1993) and
central Alaska (Michelsen et al, 1996; Nadelhoffer ef al., 1996). In these
systems, mycorrhizal associations may influence the soil N source utilised by
non-fixing plants and also increase the level of fractionation associated with N
uptake, leading to variable and often negative foliar 5'°N values. The "N
natural abundance method can, however, be used to estimate N fixed by
legumes in these systems if mycorrhizal associations are accounted for in the
selection of reference plants.

In this study, glasshouse-grown plants were found unsuitable as reference
plants, as their 8"°N values reflected pot-induced N cycling processes rather
than the N available to plants in the field. Further, it was not possible to
measure the 8'°N values of plant-available N, as inorganic N levels in the soll
were too low for isotopic analysis. It was concluded that field grown plants of
the same mycorrhizal group as Cyclopia (i.e. arbuscular mycorrhizal) were the
most suitable reference plants for estimating N, fixation in Cyclopia using the

®N natural abundance method.

Estimates made using the '°N natural abundance technique found Cyclopia to
be highly dependent on N; fixation for its N nutrition in the wild. Levels across
the 13 sites examined were 70 + 4% to 100 + 7% (mean + SE), except at one
site where N fixation by Cyclopia sessiliflora was estimated at 44 + 6%.
These estimates add to the scarce data on N fixation in perennial legumes in
the wild. In addition, they are the first quantitative estimates of N fixation in
legumes growing in the fynbos ecosystem. Two previous attempts to estimate
levels of fixation in fynbos legumes (Stock et al.,, 1995 and Cocks & Stock,
2001) failed due to a lack of suitable reference plants to estimate soil N taken
up by these legumes. Those studies did, however, qualitatively verify fixation
by invasive Australian acécias (A. cyclops and A. longifolia) and endemic
Aspalathus species respectively. The estimates of N; fixation in wild Cyclopia
populations were made with reasonable confidence, due to the careful
selection of reference plants that accurately represented soil N taken up by
the legume. The finding that Cyclopia is highly dependent on N, fixation for its
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N nutrition in the fynbos suggests that fixation plays an important role in
incorporating N into the low-nutrient fynbos environment.

Estimates of N, fixed by cultivated Cyclopia were variable and associated with
high error values. This reduced confidence in estimation was a result of low D
values (i.e. the difference between the B and reference plant §'°N values),
possibly caused by disturbance-related increases in soil N cycling (opening of
the N cycle) and the reduction of mycorrhizal associations, both of which
increase plant 8'°N values. Different soil management strategies across the
plantations may have caused much of the variability dependence on N;
fixation. For example, one plantation with a low dependence on N fixation (11
+ 33% to 20 £ 36%, Plantation P3, Table 4.2) was N fertilized, which may
have inhibited nodule formation. Another site with higher levels of fixation (67
+ 5% to 89 + 3%, Plantation P1, Table 4.2), but a low tea yield, had a history
of poor soil management with consequently low levels of soil P (< 2 mg.kg™),
a nutrient essential for efficient N, fixation. The soil of plantations that showed
high levels of dependence on N fixation (e.g. 85 + 12%, Plantation P5, Table
4.2) together with harvestable yields had low levels of N (< 0.2 %) and had
been ameliorated with P to levels of 28 - 34 mg.kg-', providing a favourable

environment for N, fixation.

The comparatively low and variable levels of fixation in Cyclopia under
cultivation suggest scope for enhancing the N, fixing capacity of Cyclopia in
the agricultural setting. This can be achieved by selecting a more effective
rhizobial inoculant strain that can fix N under a range of conditions,
particularly under low-nutrient conditions. Alternative approaches are soil
amelioration, for example P fertilization, and the selection of Cyclopia

genotypes with superior No-fixing ability and possibly also N tolerance.

Strains of rhizobia isolated from Cyclopia species growing at different
locations in the Western Cape were found to have high genetic (16S rDNA
PCR-RFLP) and phenotypic diversity, as with rhizobia isolated from other
woody legumes (Huakka & Lindstrom, 1994; Novikova ef al, 1994). The
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strains formed two major groups, together with a number of distinct strains.
Group 1 had phenotypic characteristics typical of fast-growers, while Group 2
had characteristics of both fast- and intermediate-growers. Early work on
rhizobia made a broad distinction between those isolated from tropical and
temperate regions, identifying tropical rhizobia as slow-growing and those
from temperate regions as fast-growing (Jordan, 1984; Sprent, 1989).
Although this distinction can no longer be made, largely due to work on
mimosoid legumes (Barnet and Catt, 1991), these fast- to intermediate-
growing temperate isolates corroborate the early pattern. Further, the genetic
analysis found the Cyclopia strains not to be related to any of the well-known
genera of rhizobia tested. Subsequent analyses by Kock (2003) linked the
rhizobia from Group 1 with Burkholderia tuberum sp. nov (LMG 21444), a
strain in the p—subclass of Proteobacteria. This is not altogether surprising, as
the novel rhizobia Burkholderia tuberum was isolated from the Cape endemic
legume species Aspalathus camosa (Vandamme ef al., 2002).

The two groups of Cyclopia strains distinguished by the genetic and
phenotypic characterisation studies were isolated from sites with different
levels of soil fertility. Strains from Group 1 were from Cyclopia growing in poor
soils, while those from Group 2 were from areas of higher soil fertility. The
selection pressure of adverse soil conditions may have driven the formation of
the distinct group of strains in Group 1, and similar selection pressures may
have formed the Burkholderia complex. In general, the fynbos soil provided
conditions that are considered adverse to symbiotic N, fixation, such as low
pH (pH 2.9 — 4.7) and P (1.3 — 17.6 mg.kg™"). The Cyclopia isolates also had
lower than usual optimal growth temperatures (10 - 18°C), possibly a result of
the cool Cape Mediterranean growing seasons. Based on their tolerance of
adverse conditions, further studies on Cape rhizobia may yield interesting
findings and further our understanding of the Na-fixing symbiosis.

Within the genus, Cyclopia strains were not restricted in their host range,
while across genera the strains were restricted to nodulating Cape legume
species with similar distributions. Cyclopia strains were not able to form
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nodules on the commercial Cape legume species Aspalathus linearis. This
was unexpected, as the strains had a close affinity to Burkholderia tuberum, a
rhizobia isolated from Aspalathus carnosa. The Aspalathus linearis species,
however, does not share a geographical distribution with Cyclopia and,
furthermore, has been found to have a narrow host range (Deschodt &
Strijdom, 1976; Marumo, 1996). Further cross-inoculation studies showed the
Cyclopia isolates, except strain UCT42, unable to nodulate any of the well-
known grain or pasture legume species tested. According to Perret et al.
(2000), narrow host ranges represent specialization of widespread,
promiscuous symbioses. The limited host range of Cyclopia rhizobia, which
were isolated from the ecologically specialized fynbos biome, corroborate this
theory. Strain UCT42 was an anomaly. It was able to effectively nodulate
Glycine max (soybean) and showed genetic and phenotypic characteristics
distinct from the other Cyclopia strains. A later polyphasic study by Kock
(2003) found this strain to be closely related to Bradyrhizobium japonicum, a
strain that nodulates soybean (Kuykendall et al., 1992). Further investigation
into the host specificity of fynbos rhizobia is required to increase our
understanding of host specificity in the Np-fixing symbiosis and to provide an
insight into the evolution of the symbiosis in the Cape Floristic Kingdom.

Seven heterogonous Cyclopia strains were selected to assess the variability
in strain symbiotic performance. The strains were inoculated onto five
Cyclopia host species grown under bacteriologically controlled, N-free and N-
fed conditions in the glasshouse. The study revealed major‘ variability in the
symbiotic performance of Cyclopia strains. Strains UCT42 and UCT30 were
poor fixers, while the other strains effectively nodulated the five Cyclopia
species. Strains UCT61a and UCT40a, in particular, increased nodule mass
and plant fresh weight compared to the uninoculated controls and to the other
Cyclopia strains. It is possible that strain UCT30 is a semi-parasitic rhizobia,
as the population from which it was isolated (Cyclopia sessilflora, site W13,
Table 3.1) showed poor fixation levels, fixing only 44% of its N. Under N-fed
conditions, most of the Cyclopia strains were unable to form root-nodules.
Strain UCT44b, however, was N tolerant and successfully nodulated all
Cyclopia species in the presence of 5§ mM NHyNO;. The variability in
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effectiveness of the Cyclopia-rhizobia symbioses offered an opportunity to
improve N fixation in Cyclopia through the selection of rhizobial strains with
high No-fixing ability. The study identified strains UCT40a and UCT61a as
Superior performers under low-N conditions and strain UCT44b under high N
conditions. These strains have the potential for use as inoculants in the
improvement of cultivated Cyclopia. The results of such glasshouse trials
cannot, however, be extrapolated to the field, particularly as Cape fields
provide conditions considered adverse to the No-fixing symbiosis. Potential
inoculant strains need to undergo rigorous field-testing however, according to
Giller and Cadish (1995), limited strain selection is carried out under field
conditions, even for some of the major legume crops. This was the case with
the currently utilised Cyclopia inoculant strain PPRICI3, which was selected

and recommended for field use after a single glasshouse ftrial.

Under cultivation, Cyclopia are not planted directly into the field, but are first
grown in the nursery for 3 - 6 months. The nursery mix, in which young
Cyclopia plants are grown, was found to be low in N and to have no Cyclopia-
compatible rhizobia. Inoculation with rhizobia in the nursery, therefore,
allowed the rooted cuttings access to an adequate N supply, significantly
increasing shoot biomass, shoot N and % N, and producing well-developed
plants for transplanting into the field. To assess the symbiotic performance of
selected Cyclopia rhizobia (strains UCT40a, UCT61a, UCT44b and
PPRICO3) in the field, a trial was carried out under low-N conditions in a field
with no endogenous Cyclopia-compatible soil rhizobia. After 9 months growth
in the field, the Cyclopia plants were well nodulated, indicating that the
rhizobia bacteria successfully moved out of the transplant plug and infected
the growing plant roots. The inoculated plants showed up to 10 times higher
fresh shoot biomass (harvestable yield), total dry biomass and total N than the
uninoculated plants. In terms of symbiotic performance, strains UCT61a and
PPRICI3 were more effective than strains UCT44b and UCT40a, with higher
No-fixing capacities and produced higher yields than the other 2 strains. Strain
PPRICI3 produced the largest increase in Cyclopia yield and produced
significantly higher yield, total dry biomass and plant N than strains UCT44b
and UCT40a.
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In the presence of compatible native rhizobia, an introduced strain will only
produce a yield response if it is competitive and more effective than the native
soil rhizobia. The competitive success of an inoculant strain results from a
complex interaction between the microsymbiont and host plant genomes, and
the environment. There are many schools of thought regarding the major
factors that determine competitive success. Some consider rhizobial numbers
to be the primary determinant of nodule occupancy (Weaver & Frederick,
1974; Thies et al., 1991; Evans et al., 1996), while others propose that the
legume host actively selects for an effective strain (Robinson, 1969; Renwick
& Gareth-Jones, 1986). Still others consider adaptation to local soil conditions
as the driving force behind competitive success (Jardim-Freire, 1977; Winarno
& Lie, 1979; Thies et al., 1992; Howieson ef al., 2000a). As these factors and
their interactions are poorly understood, competition from native soil rhizobia
remains a major factor limiting the broad application of inoculant technology
(Streeter, 1994; Carter et al., 1995; Denton et al., 2003; Okogun & Sanginga,
2003). Studies into rhizobial competition have, however, largely been
restricted by the lack of a suitable and reliable methodology to identify test
strains in field-harvested nodules.

In this study, an attempt to label Cyclopia rhizobial strains with a double
antibiotic marker failed, as the marker reduced the competitive fitness of the
test strains. Identification using indirect ELISA methodology, however, proved
successful in distinguishing four Cyclopia strains from one another in paired
experiments in the glasshouse and in identifying three of the test strains in
field-harvested nodules. Strain PPRICI3 could not be distinguished from
native rhizobia in field nodules due to the high number of cross-reactions
between native soil rhizobia and the antiserum raised against this strain.

To assess the competitive performance of Cyclopia strains in the field, trials
were set up at 2 locations, both containing endogenous populations of
Cyclopia-compatible rhizobia in their soil (24 and 4 cells per gram soil).
Nodules harvested from Cyclopia plants after 9 months growth in the field
showed that the test strains were poorly competitive against the native soil
rhizobia. At both sites, the test strains occupied less than haif of the nodules
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positioned on the distal areas of the root, i.e. those formed during growth in
the field. At the Kanetberg ftrial, strain UCT40a was out-competed by the
native strains and did not gain occupancy of any distal nodules. Occupancy of
distal nodules at the Waboomskraal trial was also low, at only 11 - 22% for all
the strains tested. The test strains gained higher occupancy of nodules
situated in the original transplant plug, up to 66% occupancy at Kanetberg
and 63% at Waboomskraal. Because of this poor competitiveness, Cyclopia
yield showed no response to inoculation at these sites.

The poor competitive ability of inoculant strains in the field has been attributed
to low numbers and to their uneven distribution in the soil profile (McDermott
& Graham, 1989; Postma et al., 1990; Thies et al., 1991; Brockwell ef al.,
1995a; Patrick & Lowther, 1995; Evans et al.,, 1996b). This idea was tested by
inoculating field soil in the glasshouse with high nhumbers of Cyclopia rhizobia.
Surprisingly, the test rhizobia gained exceptionally low occupancy of nodules
under these conditions, indicating that factors other than population size and
distribution influence the competitive ability of inoculant strains. The
adaptation of native strains to harsh local soil conditions, for example, may
have conferred competitive superiority over the test strains, which were
selected on nutrient-rich growth media in the laboratory.

Estimates of N, fixation in Cyclopia growing at the 2 competition trials showed
that, compared to wild populations, Cyclopia was relatively independent of N2
fixation. At Kanetberg, plant growth was not limited and tea yield was
exceptionally high, although N; fixation at the site may have been inhibited by
the presence of soil N. This is supported by the fact that Cyclopia grown in
Kanetberg soil in the glasshouse did not respond to the application of 5 mM
NH4NO3 and that strain UCT44b, which was found to be N folerant in the
glasshouse, gained higher levels of fixation at this trial (74 + 9%, mean + SE,
Figure 9.4) than the other test strains. At Waboomskraal, plant growth was
limited and Cyclopia yield was up to 10 times lower than at Kanetberg. Yield
at this low-N site may have been limited by low levels of N; fixation, a
consequence of ineffective native rhizobia or of factors such as low soil P and
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waterlogging. Interestingly, the site was cleared of Acacia meamsii prior to
planting. Cross-inoculation studies found rhizobia isolated from this Australian
acacia capable of weakly nodulating Cyclopia subternata, the species planted
at the trial. These native acacia rhizobia, while poor fixers in symbiosis with C.
subternata, may have competitive superiority over the test strains due to their
adaptation to local soil conditions.

The competitive superiority of ineffective rhizobia in the soil environment could
pose a major problem to the use of inoculant technology in the cultivation of
Cyclopia, particularly as Australian acacias invade much of the Cape
farmland. Nonetheless, this work found rhizobial inoculation to be important
for the cultivation of Cyclopia. Rhizobial inoculation is essential in the nursery,
where it produces well-developed cuttings for transplant, and is also important
in fields free from compatible rhizobia, where it enhances Cyclopia yields up
to 10 times. Low-N fields free from compatible rhizobia are common in the
Cape, where farmers turn old vine plantations and fruit orchards over to
Cyclopia cultivation. Inoculant strain PPRICI3 is recommended to enhance
Cyclopia performance under these conditions. Because of the superior
competitive abilities of native field strains, inoculation has no effect on Cylopia
planted into areas recently cleared of fynbos or Acacia mearnsii.

In terms of further enhancing the Ny -fixing capacity of cultivated Cyclopia, the
selection of strains suited to the adverse soil conditions of the Cape is
recommended, as well as the development of appropriate growth media for
the isolation and selection of fynbos rhizobia. Strains well adapted to the
-adverse Cape soils may also show superior competitive abilities to those
tested in this study. | further recommend the selection of Cyclopia rhizobia
capable of fixing N2 under conditions of low soil P. Investigations into the
tolerance of Cyclopia strains from Group 1 (distinguished by the genotypic
and phenotypic analysis) to low-nutrient soil conditions may yield inoculant

strains capable of symbiotically fixing N in unameliorated Cape soils.

Where affordable, fertilization with P could enhance N; fixation and tea yield in
Cyclopia grown on low-nutrient soils. Alternatively, enhancing the Cyclopia-
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mycorrhizae symbiosis may mobilize soil P and enhance Cyclopia yields in
poor soils (Barea et al., 1988; Mahdi & Atabani, 1992 Thiagarajan et al., 1992,
Rice et al., 1995, Stamford, 1997). As nodule and mycorrhizal development are
genetically linked (McLaughlin et al., 1990; Overholt et al., 1996), the selection
of Cyclopia genotypes for enhanced Na-fixing ability may inadvertently lead to
enhanced P acquisition through increased mycorrhizal capacity. Alternatively,
the co-inoculation of Cyclopia cuttings with rhizobia and arbuscular
mycorrhizae could be investigated to enhance N fixation in P-limited soils.

As Cyclopia is a wild accession, it is open to selection for improved cultivation
characteristics. Selection for superior growth rate, yield and tea quality should
be made in conjunction with the direct selection of host genotypes with
superior Nx-fixing capacities. Selection for high nodulating genotypes may also
improve yields in low-N environments (Postma ef al., 1988, Caetano-Anolles &
Gresshoff, 1990; Brewin, 1991; Caetano-Anolles et al., 1991).

Lastly, genetic modification of inoculant rhizobia, although controversial, may
hold the key to improving the symbiotic performance of rhizobial strains in the
field (Sessitsch et al., 2002). A solution to the competition problem is crucial to
the successful application of inoculant technology and the genetic modification
of Cyclopia rhizobia may enhance their competitive success. Releasing
genetically-modified bacteria into the environment is however risky, as the
modified genes may be transferred to other soil bacteria (van Veen ef al.,
1997, Davidson, 1999) and the enhanced rhizobia may become difficult to
remove from the system in order to introduce improved strains.

This thesis has provided insight into the Cyclopia-rhizobia N-fixing symbiosis
and has served to highlight some of the problems limiting the use of inoculant
technology to enhance N; fixation levels and hence tea yields in cultivated
Cyclopia. Rhizobial inoculation was found to be essential for the sustainable
and low-capital cultivation of Cyclopia, and it was established that the
inoculant strain currently used by the industry, strain PPRICI3, is well suited to
the growth of cuttings in the nursery and to the cultivation of Cyclopia in fields
free from compatible native rhizobia. The work also provided insight into the
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competition problem, which limits the response of Cyclopia to inoculation in
fields with compatible rhizobia. A preliminary understanding of the
mechanisms behind this problem was achieved, adding to our understanding
of rhizobial competition in general. Further investigation is required to solve
the competition problem and to allow for the broad application of inoculant
technology to enhance Cyclopia yields in an environmentally sound and low-
capital way, thus providing a real, sustainable, cash-crop opportunity for
small-scale farmers in the Western Cape Region of South Africa.
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