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SUMMARY
The conversion of atmospheric dinitrogen (N2) into plant available nitrogen (N), by
legumes and their prokaryotic microsymbionts, is an integral component of sustainable
farming. A key constraint to increasing the amount of N2 fixed in agricultural systems is
the prevalence of symbioses which fix little or no N. The biotic factors leading to this
suboptimal N2 fixation have not been extensively analysed. Using the widely studied
and cultivated perennial legume Medicago sativa and the model indeterminate annual
legume

Medicago

truncatula

with

the

sequenced

bacterial

microsymbiont

Sinorhizobium meliloti 1021 (Sm1021) as a basis, the work presented in this thesis
examined the effectiveness of N2 fixation in these associations and in other comparable
systems and investigated factors which lead to the establishment of suboptimally
effective symbioses.

The ability of Sm1021, S. medicae WSM419 and the uncharacterised Sinorhizobium sp.
WSM1022 to fix N with M. truncatula A17, M. sativa cv. Sceptre and a range of other
Medicago spp. was evaluated in N-limited conditions. As measured by plant shoot dry
weights and N-content, Sm1021 was partially effective with M. truncatula A17 whereas
WSM1022 and WSM419 were both effective with this host in comparison to nitrogenfed (N-fed) control plants. In contrast, Sm1021 and WSM1022 were effective with M.
sativa while WSM419 was only partially effective. Nodules induced by Sm1021 on M.
truncatula A17 were more numerous, paler, smaller in size and more widely distributed
over the entire root system than in the two effective symbioses with this host. On the
contrary, nodule number, size and distribution did not differ between these three strains
on M. sativa. WSM1022 was effective on M. littoralis, M. tornata and two other

xvi

cultivars of M. truncatula (Jemalong and Caliph) but Sm1021 was only partially
effective on these hosts. These data indicate that the model indeterminate legume
symbiosis between M. truncatula and Sm1021 is not optimally matched for N2 fixation
and that Sm1021 possesses broader symbiotic deficiencies. In addition, the interaction
of WSM1022 with M. polymorpha (small white nodules but does not fix N), M. murex
(does not nodulate), M. arabica (partially effective N2 fixation) and M. sphaeorcarpus
(partially effective N2 fixation), and the sequence of the 16S rDNA, are all consistent
with this isolate belonging to the species S. meliloti.

The colony morphology of TY, half-LA and YMA agar plate cultures of Sm1021,
WSM419 and WSM1022 suggested differences in EPS profiles between these strains.
Sm1021 is very dry, compared to the mucoid WSM419 and extremely mucoid
WSM1022. Sm1021 is known to carry an insertion in expR rendering the gene nonfunctional and resulting in the dry colony phenotype. WSM419 has an intact copy of
expR, while the expR status of WSM1022 is not known. Rm8530, a spontaneous
mucoid derivative of Sm1021 with an intact expR, was significantly less effective with
M. truncatula than Sm1021, but there was no difference in effectiveness between these
strains on M. sativa.

The effectiveness of Sm1021, when complemented with a

plasmid-borne copy of expR from Rm8530, was significantly reduced on M. truncatula
but not M. sativa, implicating a functional expR as being the cause of reduced N2
fixation observed with Rm8530 on M. truncatula. ExpR could reduce the effectiveness
of Rm8530 by acting as a negative regulator of genes essential for symbiosis with M.
truncatula, or by altering the quantity or structure of succinoglycan and/or
galactoglucan produced. These data support the emerging view of ExpR being a central
regulator of numerous cellular processes.

xvii

The timing of nodulation between Sm1021 and WSM419 on M. truncatula and M.
sativa was investigated. Compared to the other symbioses analysed, the appearance of
nodule initials and nodules was delayed when M. truncatula was inoculated with
Sm1021 by 3 and 4 days, respectively.

To explore whether events during early

symbiotic signalling exchange could account for these observed delays, leading to the
establishment of a suboptimal N2-fixing symbiosis, a novel system was developed to
compare the response of the Sm1021 transcriptome to roots and root exudates of M.
truncatula A17 and M. sativa cv. Sceptre. This system consisted of a sealed 1 L
polycarbonate chamber containing a stainless steel tripod with a wire mesh platform on
which surface-sterilised seeds could be placed and allowed to germinate through the
mesh, into a hydroponic medium below.

After germination, Sm1021 cells were

inoculated into the hydroponic solution, exposed to the roots and root exudates for 16 h,
harvested and their RNA extracted. Comparison of Sm1021 mRNA from systems
exposed to M. truncatula or M. sativa revealed marked differences in gene expression
between the two. Compared to the no plant control, when M. sativa was the host plant,
23 up-regulated and 40 down-regulated Sm1021 genes were detected, while 28 upregulated and 45 down-regulated genes were detected with M. truncatula as the host.
Of these, 12 were up-regulated and 28 were down-regulated independent of whether M.
truncatula or M. sativa was the host. Genes expressed differently when exposed to
either M. truncatula or M. sativa included nex18, exoK, rpoE1 and a number of other
genes coding for either hypothetical proteins or proteins with putative functions
including electron transporters and ABC transporters.

Characterisation of these

differentially expressed genes along with a better understanding of the composition of
M. truncatula root exudates would yield a clearer insight into the contribution of early
signal exchange to N2 fixation.

xviii

Comparison of the regulation of nodule number between Sm1021 and WSM419 on M.
truncatula and M. sativa revealed nodule initials at 42 days post-inoculation (dpi) on M.
truncatula inoculated with Sm1021. In contrast, no new nodule initials were present 21
dpi on any of the other interactions examined. Moreover, analysis of nodule sections
revealed that the number of infected cells in M. truncatula-Sm1021 nodules was less
than for comparable symbioses. These data suggest that nodule number is not tightly
controlled in the M. truncatula-Sm1021 association, probably due to N2 fixation being
insufficient to trigger the down regulation of nodulation. Quantification of N2 fixation
activity in this and other more effective symbioses is required.

The poor effectiveness of the M. truncatula-Sm1021 symbiosis makes these organisms
unsuitable as the model indeterminate interaction and the implications for legume
research are discussed. The recently sequenced WSM419 strain, revealed here to fix N2
more effectively with M. truncatula than Sm1021, may be a better model
microsymbiont, although WSM419 is only partially effective for N2 fixation with M.
sativa. The sequencing of S. meliloti WSM1022, a highly effective strain with both M.
truncatula and M. sativa, would provide a valuable resource in indentifying factors
which preclude the establishment of effective symbioses.
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CHAPTER 1

Introduction and literature review

Chapter 1
1.1 Introduction: Legumes in agriculture and N2 fixation

Since the advent of farming some 10,000 years ago, legumes have played an important
role in the development of agriculture around the world. Archaeological evidence
points to legume species being domesticated since very early times, often along with the
major cereal crops of today (Heiser, 1981). Legumes seeds have a significantly higher
protein concentration than the cereals and a different amino acid profile (Duranti &
Gius, 1997). When legumes are consumed in conjunction with a cereal grain staple, a
more complete total protein is acquired than by consuming any other plant food alone
(Heiser, 1981). Although the consumption of meat results in a better yield of protein,
meat is not available to much of the world’s population (Foster, 1992; Heiser, 1981).
Therefore, legumes have often been referred to as “the poor man’s meat” (Duranti &
Gius, 1997; Heiser, 1981). In addition, the ability of legumes to increase soil fertility
and the subsequent yield of cereals was noted many thousands of years ago by the
Egyptians, Greeks and Romans (Mazoyer & Roudart, 2006; Gladstones, 1998; Isager &
Skydsgaard, 1992). Only in modern times has the basis of this phenomenon – the
mutualistic relationship formed by the legume with certain soil bacteria - begun to be
understood.

These soil bacteria, through their relationship with legumes, are able to reduce
atmospheric dinitrogen (N2) into forms which can be transferred to the plant. In return
for this nitrogen (N) supply, the plant houses the bacteria in a specialised root structure
(termed a nodule) and supplies the bacteria with carbon. In natural and agricultural
systems, some of this N2 “fixed” from the atmosphere into plant tissues is ultimately
released into the soil following plant senescence and decay, grazing by livestock or
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human harvest (Chalk, 1998). When legumes are grown in rotation with other crops in
agricultural systems, fixed N can make its way into the soil, ready to be assimilated by
subsequent crops. As N is the most commonly limiting nutrient for plant growth,
growing legumes in rotation with other crops can increase the productivity and
sustainability of the farming system (Howieson et al., 2000).

Globally, biological nitrogen fixation (BNF) is the major route for conversion of
atmospheric N2 into plant-available N (Hartwig, 1998). The development of the HaberBosch process in the early twentieth century for the synthesis of ammonia from N2 has
meant that industrially prepared nitrogenous fertilisers are now also a significant
proportion of N2 fixed globally. Total global N2 fixation from BNF has been estimated
at 100 – 290 million tonnes N year-1, with approximately 50-70 million tonnes N year-1
from agricultural systems, compared to 83 million tonnes fixed industrially in fertiliser
production (Herridge et al., 2008; Jenkinson, 2001; Cleveland et al., 1999).

The

industrial production of ammonia is energy expensive, requiring high temperatures and
pressures, usually generated from the burning of fossil fuels (Jensen & HauggaardNielsen, 2003). The price of nitrogenous fertilisers is therefore closely correlated with
the price of fossil fuels, particularly oil (Figure 1.1). With the rising costs of fossil fuels,
driven by increasing demand and a finite supply, the costs of producing nitrogenous
fertilisers are likely to increase in the future, making the supply of N from BNF a more
economically attractive alternative.

Moreover, the potential threats to agricultural

production from climate change, the loss of agricultural land through soil degradation
and urban and industrial development, are additional challenges to increasing
agricultural productivity.

In this context, understanding the symbiotic relationship

between plant host and bacterial symbiont and being able to maximise the production of
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biologically fixed N is of paramount importance to being able to adequately supply food
to the world’s growing population.

Figure 1.1 – Relationship between crude oil price and urea (an important
agricultural fertiliser) price. Data obtained from Australian Bureau of Agricultural
and Resource Economics (A.B.A.R.E, 2008) and Australian Securities Exchange
(ASX, 2008). AUD = Australian Dollar, USD = United States of America Dollar.
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1.2 Effectiveness of N2 fixation in symbiotic interactions
Taxonomically, legumes are grouped into the family Leguminosae (or historically
Fabaceae) and are the third largest family of flowering plants (Sprent, 2001). They can
be further subdivided into three subfamilies, the Caesalpinioideae, Mimosoideae and
Papilionoideae (Sprent, 2001). Together, these subfamilies constitute a diverse range of
some 18,000 species (Mabberly, 1997). Their geographic range spans all the continents
(barring Antarctica) and they exhibit a wide diversity of morphology and growth habit.
Members of the Caesalpinioideae are mainly tropical or subtropical trees or shrubs, as
are the Mimosoideae, although this latter group also extends into cooler areas (Sprent,
2001).

The Papilionoideae are the largest of the three subfamilies, with a range

spanning temperate to tropical zones with members being either trees, shrubs or herbs
(I.L.D.I.S., 2008).

The bacteria responsible for N2 fixation with legumes are predominantly of the αsubdivision of the proteobacteria, collectively known as rhizobia, a term which includes
bacteria of the genera Allorhizobium, Azorhizobium, Bradyrhizobium, Mesorhizobium,
Rhizobium and Sinorhizobium (Graham, 2008).

Rhizobia exhibit a wide variety of

abilities to nodulate legume hosts – some such as Rhizobium sp. strain NGR234 and R.
fredii USDA 257 are extremely promiscuous and able to nodulate with many different
host plants (Pueppke & Broughton, 1999), whilst others such as Mesorhizobium ciceri
biovar biserrulae and Rhizobium leguminosarum bv trifolii have very narrow host
ranges (Nandansena et al., 2007; Lewis-Henderson & Djordjevic, 1991). A critical, yet
often overlooked aspect of N2 fixation is that not all rhizobia fix N to the same extent.
Rather, there exists a broad range of effectiveness of symbiotic interactions (Sprent,
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2007). How effective a symbiotic interaction is can be defined as the benefit that the
host obtains from the interaction in N-limited conditions and can be measured through
an increase in biomass or plant N content (Barker & Bryson, 2007). This variation in
N2 fixation effectiveness has been noted in agricultural (Ballard & Charman, 2000;
Denton et al., 2000) and natural systems (Burdon et al., 1999). An example from
Howieson (1999) serves to illustrate this diversity of N2 fixation effectiveness (Figure
1.2).

Figure 1.2 – The yield of three species of Medicago and a hybrid cultivar of M.
littoralis and M. truncatula, inoculated separately with 16 strains of Sinorhizobium
spp. Plants were grown in a field stand which was low in nitrogen and free of S.
meliloti (Howieson, 1999).

Of the 16 strains of Sinorhizobium assessed with three Medicago spp. and the hybrid of
M. littoralis and M. truncatula, only two strains (WSM879 and WSM826) yielded
relatively high plant weights across all hosts. Most other strains yielded a mixture of
low and high plant weights on the four test hosts, indicating that their degree of N2
fixation effectiveness varied depending on the host.
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With the aim of categorising the range of possible symbiotic interactions between a
given strain and host combination, Howieson et al. (2005) defined four broad outcomes:

1. No symbiotic interaction, where no infection of the host occurs
2. A parasitic interaction, where nodule-like bodies form, but no N2 is fixed
3. A partially effective symbiosis where biomass and N-accumulation occur, but at
a rate between 20 and 75% of control plants fed combined N (i.e., N-fed
controls)
4. An effective symbiosis, where biomass and N-accumulation occur at levels 75%
or higher, relative to N-fed control plants.

These four groupings provide a useful way of categorising symbioses on the basis of
nodulation ability and N2 fixation effectiveness. This system can be further refined with
the introduction of an additional category to describe those interactions which yield
biomass and N-accumulation between 0-20% of N-fed control plants. These modified
categories are:

1. No symbiotic interaction, where no infection of the host occurs
2. A parasitic interaction, where nodule-like bodies form, but no N2 is fixed
3. A poorly effective symbiosis where biomass and N-accumulation occur at levels
below 20% of the N-fed control.
4. A partially effective symbiosis where biomass and N-accumulation occur at
between 20 and 75% of N-fed control plants
5. An effective symbiosis, where biomass and N-accumulation occur at levels 75%
or higher, relative to N-fed control plants.
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From a natural ecosystem point of view, understanding why suboptimal N2 fixation is
prevalent can help to explain the origin of symbiotic N2 fixation and help to better
quantify the input of natural ecosystems to the global nitrogen cycle. For legumes
grown in agricultural systems, eliminating interaction types 1, 2, 3 and 4 as described
above in favour of category 5 would result in increasing the total amount of N2 fixed.
In this way, the amount of biologically fixed N supplied to a farming system could be
maximised, thereby increasing the productivity of the system and reducing production
costs from a decreased reliance on nitrogenous fertilisers. To understand the basis of
each of the five types of interactions described, it is necessary to firstly look in detail at
what is currently known about the initiation, development and maintenance of N2 fixing
legume symbioses.
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1.3 The Medicago-Sinorhizobium symbiosis

Much of our understanding of legumes, and in particular their interaction with their
bacterial microsymbiont, has been derived from the study of relatively few species,
most of which are of agricultural importance. Some key species studied are Glycine
max (soybean), Pisum sativum (pea), Phaseolus vulgaris (common bean) and pasture
legumes such as Trifolium spp. (clovers) and Medicago sativa (lucerne or alfalfa).

1.3.1 Medicago spp.
M. sativa is the most widely cultivated pasture legume species, and was recognised as a
valuable forage crop as early as 1,300 BC (Michaud et al., 1998). It is a perennial
species with a deep root system allowing it to access water which more shallow-rooted
annual species cannot (Michaud et al., 1998). Its use around the world has meant that
M. sativa has been a focal point for research into BNF for many decades. Annual
Medicago spp. have been less intensively studied but many are utilised as pasture
species, especially in the Mediterranean climatic regions of the world, including
southern Australian agricultural systems (Puckridge & French, 1983). Some examples
of these species are M. arabica, M. littoralis, M. murex, M. polymorpha, M. rugosa, M.
scutellata, M. sphaerocarpus, M. tornata and M. truncatula (Ballard & Charman, 2000;
Lesins & Lesins, 1979; Heyn, 1963).

Interest in the annual M. truncatula has increased in recent years, due to the choice of
this species as a model indeterminate legume for current genome sequencing efforts,
along with the determinate model legume Lotus japonicus (Young et al., 2005; Oldroyd
& Geurts, 2001). Although M. sativa is more widely used in both agriculture and
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research, M. truncatula proved a more attractive option for sequencing as unlike M.
sativa, M. truncatula has a small diploid genome, is self-fertile, is able to be easily
transformed by Agrobacterium, is a prolific seed producer and possesses a short
generation time (Frugoli & Harris, 2001; Cook, 1999; Huguet & Prosperi, 1996; Barker
et al., 1990). The designation of M. truncatula as a model legume and its choice for
genome sequencing has consequently provided a strong incentive for researchers
working on indeterminate nodulation to focus on this organism.

1.3.2 Sinorhizobium meliloti and S. medicae
Two bacterial species, Sinorhizobium meliloti and S. medicae, are known to nodulate
and fix N with Medicago spp. (Graham, 2008).

Originally, organisms nodulating

Medicago species were grouped under the single species S. meliloti (formerly
Rhizobium meliloti), but were subsequently split into two species based on differences
in their 16S rDNA sequence, DNA/DNA hybridisation (Rome et al., 1996a) and their
symbiotic interaction with M. polymorpha (Brunel et al., 1996; Rome et al., 1996b). S.
medicae can nodulate and fix N with M. polymorpha, whereas S. meliloti forms only
rudimentary nodules with this host (Brunel et al., 1996; Rome et al., 1996b).
Subsequent work further reinforced the delineation of these two bacterial species, as S.
meliloti isolates are unable to nodulate M. murex, a host with which S. medicae isolates
are able to nodulate and fix N (Garau et al., 2005). As well as these symbiotic and
genetic differences, S. medicae differs from S. meliloti in showing a distinctive
“doughnut” colony morphology on half-LA agar medium (Garau et al., 2005; Howieson
et al., 1988).
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Garau et al. (2005) further demonstrated that S. medicae and S. meliloti field isolates
differed in their host and soil pH associations. S. medicae strains were predominantly
isolated from species adapted to moderately acid soils (such as M. arabica, M. murex
and M. polymorpha) whereas S. meliloti were mainly isolated from species growing on
moderately alkaline or neutral pH soils (M. littoralis and M. tornata) (Garau et al.,
2005).

Indeed, the recently sequenced S. medicae WSM419 (Genbank accession

NC_009636), isolated from M. murex growing on moderately acid soil in Sardinia, was
originally selected as a commercial inoculant in Australia due to its acid tolerance and
hence ability to extend the nodulation of Medicago hosts into more acidic soils (Bullard
et al., 2005; O'Hara et al., 1989; Howieson & Ewing, 1986). These results indicate that
S. meliloti and S. medicae may have adapted to fix N with Medicago spp. which
themselves are adapted to specific soil pH.

The history and nomenclature of SU47 and its derivatives
Some strains of S. meliloti which fix N on Medicago spp. have been studied in detail,
with the main reference strain for biochemical and genetic studies being S. meliloti
SU47, or its derivatives. S. meliloti SU47 was isolated in 1939 from M. sativa growing
at Bathurst in New South Wales, Australia (Vincent, 1941). The strain was most likely
inadvertently brought to Australia after European colonisation, as no known Australian
native Sinorhizobium spp. are able to nodulate members of the Medicago genus, but
they are able to nodulate Trigonella suavissima, a plant endemic to Australia
(Brockwell et al., 2005). In Australia, SU47 was used as the commercial inoculant for
M. sativa from 1962 to 1977 (Bullard et al., 2005). The strain was passed to P.S.
Nutman at Rothamsted Research Station, where it was entered into the Rothamsted
Collection of Rhizobium as RCR2011 (S. Long, pers. comm.). Subsequently, two
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separate spontaneous streptomycin-resistant derivatives of RCR2011 were isolated –
one in France, named originally 2011 str3 or Str-r (Scherrer & Denarie, 1971) and the
other later, in the USA, named Rm1021 (Meade et al., 1982). In line with the continent
of origin of these SU47 derivatives, researchers from Europe commonly worked with
strain 2011 StrR and those from the USA with Rm1021.

With the subsequent change of the genus from Rhizobium to Sinorhizobium (De Lajudie
et al., 1994), changes in the prefix of the strain number have occurred, from “Rm” to
“Sm”. Thus, a considerable number of strain designations have accumulated (Table
1.1). In this thesis, strains will be referred to henceforth as stated below (Table 1.1). In
2001, the full genome sequence of Sm1021 was reported (Galibert et al., 2001), which
resulted in this clone being the organism of choice for genetic studies. Thus, Sm1021
and M. truncatula are now viewed as the partners in the indeterminate model symbiosis.

Table 1.1 - Strain name modifiers for SU47 and its streptomycin resistant descendants.

Alternative
strain names

Characteristics

Names used
in this thesis

Reference

SU47
RCR2011
2011

Original parent strain,
streptomycin sensitive

SU47

2011 Str-r
2011 Str-3
Rm2011
Sm2011

Streptomycin resistant
derivative of SU47

Sm2011

Scherrer & Denarie, 1971

Rm1021
Sm1021

Streptomycin resistant
derivative of SU47

Sm1021

Meade et al., 1982

Vincent, 1941
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1.3.3 Diversity of infection and nodulation
Nodulating plants can be divided into two broad groups, determinate or indeterminate,
based on the types of nodules which they form (Sprent, 2001). Indeterminate nodules
(e.g. those produced by Medicago spp. or Pisum sativum) are characterised by a
persistent apical meristem and can be divided into a number of zones which delineate
different physiological states of plant cells and bacteria (Vasse et al., 1990) (Described
in detail in section 1.3.7). Typically, only a subset of plant cells within the nodule will
contain endosymbionts which fix N (Figure 1.3). In contrast, in determinate nodules
(e.g. those produced by Glycine max or Lotus japonicus), no persistent meristem is
formed, cell division ceases rapidly and N2 fixation occurs in all infected cells
simultaneously (Maunoury et al., 2008). Therefore, only one homogeneous N2-fixing
zone is present in these nodules (Figure 1.3).

Figure 1.3 - Schematic representation of (a) indeterminate and (b) determinate
nodule types. Adapted from Maunoury et al. (2008) and Brewin (1998).
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Bacteria are known to invade plant root tissue and thereby establish a N2-fixing nodule
through a number of different strategies. Entry by plant root hairs has been studied in
greatest detail, but infection through root cracks (e.g. the aquatic species Neptunia) or
with bacteria penetrating between intact plant epidermal cells (e.g. Mimosa scabrella)
are also known (Sprent, 2008). As Medicago spp. are infected by Sinorhizobium spp.
via root hairs and develop classical indeterminate nodules, the following description of
nodulation and N2 fixation will focus on these forms of infection and nodule
organogenesis.

1.3.4 Initial signalling events
The first phase of the symbiotic interaction between plant and bacterium occurs in the
rhizosphere. This region surrounding the plant roots possesses different physical,
chemical and biological properties from those of the bulk soil (Hisinger, 1998). These
differences are due to the presence of the plant’s roots which can affect many soil
characteristics through root growth, respiration and nutrient exchange (Hisinger, 1998).
Within this region a wide array of plant-derived compounds may accumulate, such as
sugars, carbohydrates, amino acids, organic acids, fatty acids, flavonones and vitamins,
which can be metabolised by soil microorganisms (Uren, 2001). As a consequence of
the greater nutrient content within the rhizosphere, microbial biomass is usually much
greater in this region than in the surrounding bulk soil (Brimecombe et al., 2001;
Rovira, 1969).

Rhizobia are known to be positively chemotactic to unfractionated legume root exudates
(Gaworzewska & Carlile, 1982).

In particular, S. meliloti SU47 is positively

chemotactic towards flavonoid and chalcone-like compounds (Dharmatilake & Bauer,
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1992; Caetano-Anollés et al., 1988). A major role for these compounds is in the
initiation of nodulation in the legume-bacterium symbiosis (Cooper, 2007; Perret et al.,
2000). They do so by eliciting the production of Nod factor(s) from rhizobia. These
compounds, which are lipochitooligosaccahrides, are released from the bacterial cells,
migrate to the plant and stimulate nodule development in the host plant. A large
diversity of Nod factor structures have been determined for many rhizobia (Perret et al.,
2000). Nod-factors usually comprise four or five β1-4-linked N-acetylglucosamine
residues with a long acyl chain that is attached to the terminal glucosamine (Figure 1.4).
Across various strains, modifications to this basic structure include additions of sulfuryl,
methyl, carbamoyl, acetyl, fucosyl, arabinosyl and other groups to different positions on
the backbone, as well as differences in the number of glucosamine residues and in the
length and degree of saturation of the acyl chain (Oldroyd & Downie, 2004; Perret et
al., 2000). Although the implicit view has been that a given bacterium produces only a
few different types of Nod factor, recent work by Morón et al. (2005) revealed that
Rhizobium tropici CIAT899 produced a wide spectrum of Nod factor compounds.
These varied with the pH of the growth medium, with acidic conditions resulting in 52
different Nod factors and neutral conditions giving 29, with only 15 common to both
conditions (Morón et al., 2005). Therefore, environmental parameters may well be
important factors to be considered when analysing the types of Nod factors produced by
a strain.

15

Chapter 1

Figure 1.4 – S. meliloti Nod factor as deduced by Lerouge et al. (1990) consisting of
four β1-4 linked N-acetylglucosamine residues, a sulfate group (red) at the C-6
position of the reducing terminus, a 2,9-hexadecadienoic N-acyl group at the C-2
position of the non-reducing terminus, and an acetyl group (blue) at the C-6 position
on the non-reducing terminus. Adapted from Brewin (2004).

A number of genes have been identified in numerous rhizobia which are responsible for
the production and export of Nod factors. They are referred to collectively as nod
genes, although they comprise genes designated nod, nol and noe (Downie, 1998). For
the nod genes to be transcribed, the bacterium requires an appropriate plant-synthesised
inducer molecule and NodD, a transcriptional regulator of nod gene expression (Perret
et al., 2000). NodD, in the presence of plant inducers, binds to 47 bp DNA motifs (nod
boxes) which are found in the promoter region of many nodulation genes (Fisher et al.,
1988; Fisher & Long, 1993). Sm1021 possesses three nodD genes; nodD1, nodD2 and
nodD3 (Honma & Ausubel, 1987). Both NodD1 and NodD2 are known to be activated
by chalcones and conjugated forms of formononetin (precursors of the phytoalexin
medicarpin), but NodD1 is also activated by flavonoids and NodD2 by betaines (Dakora
et al., 1993; Hartwig et al., 1990b; Maxwell et al., 1989; Peters et al., 1986). No plant
derived molecules are currently known to activate NodD3, although in order to abolish
nodulation of M. sativa by Sm1021, all three nodD genes must be inactivated (Honma
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et al., 1990). The nodD3 gene is part of a positive regulatory circuit (i.e., both genes
regulate the expression of each other) with syrM – a gene which is necessary for
nodulation in M. truncatula, but not M. sativa (Smith & Long, 1998; Swanson et al.,
1993).

The nodABC genes are responsible for the production of the Nod-factor core and are
present in almost all rhizobia (Maunoury et al., 2008; Perret et al., 2000). NodC is an
N-acetylglucosaminyl transferase which catalyses the polymerisation of activated β-DN-acteylglucosamine-1-UDP molecules to form the backbone of the Nod factor and
NodB, a chito-oligosaccharide deacetylase, then removes the acetyl moiety from the
non-reducing end of the polymer (Mergaert et al., 1995). NodA is an acyl transferase
and is responsible for linking an acyl chain to the acetyl-free non-reducing end of the
oligosaccharide at the C-2 position (Mergaert et al., 1995).

There are a number of other nod genes that influence the structure of Nod factor. In
some cases, these decorations to the Nod factor core can have a direct influence on
nodulation. For example, nodH, which sulfates the reducing terminus at C-6 of S.
meliloti Nod factor, is a major determinant of nodulation ability, with nodH mutants
unable to nodulate M. sativa (Roche et al., 1991; Lerouge et al., 1990). Mutation in
nodZ, which codes for a 6-O-fucosyltransferase in Rhizobium sp. strain NGR234, has no
effect on nodulation of G. max, but abolishes nodulation of Pachyrhizus tuberosus
(Quesada-Vincens et al., 1997). In addition, although the Nod factors produced by R.
etli and R. loti are identical, the two species have distinct host ranges (i.e., Phaseolus
spp. and Lotus spp., respectively) (Cardenas et al., 1995). Therefore, variation in Nod
factor structure alone is insufficient to explain host-range diversity.
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1.3.5 Infection and infection thread development
Following chemotaxis, the bacteria attach to the plant roots in what is believed to be a
two step process (Hirsch, 1992). In the first step, they can attach loosely to the root,
with specific affinity to newly emerged root hairs (Bhuvaneswari et al., 1980). This
loose attachment is Ca2+-dependent and involves the bacterial protein rhicadhesin. In
Rhizobium leguminosarum bv. viciae in contact with roots of P. sativum, rhicadhesin
binds directly to a root hair receptor and is attached to the bacterial cell surface through
Ca2+ cations (Smit et al., 1989). The protein mediates the attachment of other rhizobia
to root hairs of other legumes and non-legumes, although the gene coding for the
protein has yet to be identified (Gage, 2004; Smit et al., 1989).

A second mechanism for weak attachment of rhizobia to root cells has been
hypothesised to occur through the action of plant surface proteins called lectins (Hirsch,
1999). These proteins are localised to plant root hairs and could serve as bridges
between bacteria and plant root hairs by binding to bacterial polysaccharides and plant
cell antigens, although this potential role of lectins remains to be definitively
demonstrated (Rodríguez-Navarro et al., 2007; Hirsch, 1999).

Following the initial weak binding step, tighter binding is initiated through the synthesis
of bacterial cellulose fibrils (Smit et al., 1987; Smit et al., 1986) and the bacterial Nod
factor triggers root hair deformation. This leads to the classic shepherd’s crook root hair
deformation, where root hair curling ultimately entraps the bacterial microcolony near
the root hair tip. Only a subset of root hairs – those which have nearly finished their
growth near the growing root tip – are susceptible to Nod factor-induced deformation
(Sieberer & Emons, 2000). In addition, not all root hairs on a single plant will show the
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shepherd’s crook deformation morphology with wavy, twisted and swollen root hairs
also observed, possibly due to the degree of plant susceptibility to Nod factor altering
during root development (Gage, 2004; Callaham & Torrey, 1981).

Initiation and growth of the infection thread then follows, which involves the
degradation of the root hair cell wall and the subsequent synthesis of new cell wall
material. As bacterial growth exerts pressure on the root hair cell wall, new cell wall
and membrane material is laid down in such a way as to effectively cause an
invagination of the root hair surface (Maunoury et al., 2008).

The extending

invagination, termed an infection thread, is composed of plant cell wall and plant
membrane (Brewin, 2004). The infection thread extends into the root hair cell at this
site of invagination, preceded by the plant cell nucleus (which is connected to the
infection thread by a thick and actively streaming column of cytoplasm), until it reaches
the axial cell wall (Gage, 2004). Bacteria grow and divide down this infection thread.
In the case of S. meliloti strain L5-30 with M. sativa, most of the cells in the infection
thread do not divide, with division only occurring near the tip of the infection thread
(Gage et al., 1996). Why the bacteria in the older regions of the infection thread cease
cellular division is not known, but may point to a level of plant control on bacterial
multiplication, without which the infection thread would presumably swell and burst.

1.3.6 Nodule development and invasion by bacteria
Cells of the pericycle are the first cells which have been observed to respond to the
presence of rhizobia, through the plant perception of Nod factor (Brewin, 1998). They
re-enter the cell cycle and begin to divide, followed by cells of the inner cortex (together
known as the nodule primordium), with the activation continuing through to the root
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middle cortex. Simultaneously within cells of the outer cortex, cytoplasm begins to
migrate from the cell periphery to a central position along with the cell nuclei, forming
preinfection threads (also known as cytoplasmic strands) (Timmers et al., 1999; van
Brussel et al., 1992). As the growing infection thread reaches the inner wall of the
epidermal cell, it fuses with the cell wall and the bacteria enter the intracellular space
(Gage, 2004). At the point of the preinfection thread, invagination and tip growth of the
plant cell occurs and bacteria within the intracellular space invade the newly formed
crevice.

The infection thread then continues to extend down towards the nodule

primordium with the concomitant propagation of bacteria within the infection thread
(Gage, 2004; van Spronsen et al., 1994; Van den Bosch et al., 1989). In Vicia spp. and
Pisum sativum, the lumen of the infection thread contains plant extracellular matrix
glycoproteins and in P. sativum, bacteria within infection threads have been observed
by electron microscopy to be sheathed by a capsule of bacterial polysaccharide
(Rathbun et al., 2002; Rae et al., 1992). Bacterial polysaccharides are an important
component of symbiosis and are discussed in detail later (Section 1.4).

As the thread network enters the nodule primordium, some of the uninfected cells of the
middle cortex begin to form the nodule meristem, dividing outwards toward the root
surface. The infection thread network continues to grow through the nodule tissue,
depositing more bacteria into the newly divided plant cells (Gage, 2004). Exactly how
this network propagates is yet to be ascertained, but evidence suggests that ramification
is polarised and directed towards the nodule meristem (Gage, 2004).
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1.3.7 The N2-fixing indeterminate nodule
The delineation of the indeterminate nodule into various zones (Vasse et al., 1990;
Figure 1.3) highlights different physiological states within the nodules. Zone I is the
meristematic zone and comprises growing and dividing plant cells.

This apical

meristem is active throughout the life of the nodule and is of constant size – cells which
exit the meristem and move into Zone II are compensated for by new cells from cell
division (Maunoury et al., 2008). Cells in Zone I are not associated with the invading
rhizobia.

Behind the meristematic zone is the point at which the infection threads proliferate,
marking the start of Zone II. Within this zone, bacteria begin to exit the infection
threads into plant cells encased in a plant-derived membrane (but no plant cell wall)
(Brewin, 2004). This membrane, an invagination of the plant plasmalemma, is referred
to as the symbiosomal or peribacteroid membrane. These membrane-encased bacteria
are located within a plant cell and in indeterminate nodules each symbiosome contains
one or more bacteria, and a plant cell may harbour many thousands of bacteria
(Maunoury et al., 2008). Interestingly, not all plant cells are susceptible to infection by
rhizobia. Some plant cells cease cell-cycle activity, while others undergo successive
DNA replication rounds without subsequent cell division, termed endoreduplication.
The result is that the nodule consists of cells at different ploidy levels – chromosome
number in endoreduplicated cells of M. truncatula can be 64C and M. sativa 128C
(Maunoury et al., 2008). Prevention of endoreduplication can have detrimental effects
on N2 fixation. S. meliloti Rm41, inoculated onto transgenic M. truncatula exhibiting
reduced activity of CCS52A (a gene encoding a substrate specific activator of the
anaphase-promoting complex E3), resulted in nodules unable to fix N and with reduced

21

Chapter 1
nodule ploidy levels (Vinardell et al., 2003). The precise reason for endoreduplication
being necessary in N2 fixation is not known, but it may be a way of enlarging the cells
to allow infection by more rhizobia.

Bacteria within Zone II infected cells begin to differentiate into bacteroids - they
become five to ten times larger in volume and can exhibit a branching morphology
(Maunoury et al., 2008).

Similar to infected plant cells, bacteroids also undergo

endoreduplication and increase their DNA content, with S. meliloti bacteroids in M.
truncatula containing 24 times more DNA than their free-living counterparts (Mergaert
et al., 2006).

Differentiation of bacteria into bacteroids transforms the membrane

encased bacterium into a N2-fixing organelle. Generally, this involves a slow down of
housekeeping functions and activation of metabolic pathways required for N2-fixation.

Zone III of the indeterminate nodule is where N2 fixation occurs. The key enzyme
responsible for this process, nitrogenase, is an enzyme complex which catalyses the
following reaction:

N2 + 16 MgATP + 8e- + 8H+ → 2NH3 + 16MgADP + 16 Pi + H2

As in the industrial preparation of ammonia, this reaction catalysed by nitrogenase is
energy expensive, requiring 16 moles of ATP per mole of N2 reduced to two moles of
NH3. Some of the genes critical for N2 fixation code for the nitrogenase enzyme. This
enzyme is a complex consisting of two components: (i) MoFe protein, a 220 kDa
heterotetramer with an FeMo cofactor, and (ii) Fe-protein, a homodimer of about 60
kDA (Kaminski et al., 1998). Genes known to be required for MoFe protein synthesis
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include nifD and nifK and full assembly of nitrogenase also requires the FeMo cofactor
genes (nifB, nifE and nifN) whilst the Fe-protein is encoded by nifH (Kaminski et al.,
1998). The genes for nitrogenase were originally identified in the free-living diazotroph
Klebsiella pneumoniae (Dixon & Postgate, 1972; Streicher et al., 1972), but were later
found to be conserved amongst rhizobia (Ruvkun & Ausubel, 1980).

A key attribute of nitrogenase is its O2 sensitivity – the enzyme requires a strictly
anaerobic environment as it is rapidly inactivated by atmospheric concentrations of O2
(Hill, 1988). This requirement is directly at odds with the production of ATP through
oxidative phosphorylation in rhizobia during aerobic growth. The O2 concentration in
the nodule is kept extremely low at 5-10 nM (Appleby, 1984) compared with aerobic
growth at 250 µM, through an O2 diffusion barrier, the buffering capacity of the plant
protein leghemoglobin (which gives Zone III its characteristic pink-red colouration) and
by bacteroid respiration (Kaminski et al., 1998).

To provide the energy for N2 fixation, carbon must be supplied to the bacteroid from the
plant and the N2 fixed then be transferred to the plant from the bacteroid. Carbon is
supplied to bacteroids by the provision of dicarboxylic acids (e.g. malate, succinate or
fumarate) from the plant, which ultimately derive from the sugar products of plant
photosynthesis (Lodwig & Poole, 2003). In S. meliloti and R. leguminosarum, transport
of dicarboxylic acids is driven by the bacterial Dct system, composed of dctA, coding
for the putative transport protein and dctB and dctD, a two-component sensor-regulator
pair which activate transcription of dctA in the presence of dicarboxylates (Jording et
al., 1992; Watson, 1990; Engelke et al., 1989). If dctA is mutated, ineffective nodules
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are formed with bacteroids developing as the wild-type strain but displaying early
senescence (see below) (Engelke et al., 1989; Watson et al., 1988).

Transport of the NH3 produced from N2 fixation was believed to be achieved primarily
through the transport of NH4+ across both bacterial and symbiosomal membranes
(Patriarca et al., 2002). Evidence from Lodwig et al. (2003) has demonstrated that
amino acid transport between the infected cell and the bacteroid is also important to the
establishment of effective symbioses in P. sativum nodules containing R.
leguminosarum bv. viciae. Mutations in aat and bra, which encode ATP-binding
cassette (ABC) type broad specificity amino-acid transporters, resulted in a strain
unable to take up amino acids in the free-living state (Lodwig et al., 2003). When
inoculated onto P. sativum, the plants had reduced dry weights and shoot N contents
and showed marked increases in nodule number, indicative of a poorly effective
symbiosis (Lodwig et al., 2003). The model of Lodwig et al. (2003) explains these
observations by proposing that glutamate, an amino acid in high abundance in the
nodule, is transported by the Aat/Bra system into the bacteroid where it may
transaminate oxaloacetate and the resulting aspartate be secreted back to the plant
cytosol, with α-ketoglutarate also available for secretion to the cytosol or for bacteroid
metabolism. Alanine may also be secreted to the plant cytosol, as interconversion of
alanine, glutamate and aspartate in the plant is achievable via glutamate pyruvate
transaminase and aspartate aminotransferase (Lodwig et al., 2003). NH4+ from the
bacteroid exported to the plant cytosol can then combine with glutamate to form
glutamine, and the glutamine can either be provided to the plant or undergo
transamination to convert aspartate to asparagine. Thus, both asparagine and glutamine
can provide N from N2 fixation to the plant. In order for the plant to obtain amino acids,
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the bacteroid must secrete ammonium. Therefore, the presence of this amino acid
cycling system provides a level of control to the bacteroid, complementing the control
of carbon supply to the bacteroid by the plant.

Bacteroids in indeterminate nodules have a finite life and N2-fixing bacteroids from
Zone III begin to undergo autolysis and breakdown, marking Zone IV of the nodule.
This senescent zone is distinguishable from the others by its green colouration, due to
the degradation of the heme group in the leghemoglobin (Roponen, 1970). Other
markers of bacteroid senescence include the breakdown of the peribacteroid membrane
(Timmers et al., 2000), a change to a less electron-dense cytoplasm (Andreeva et al.,
1998) and the induction of plant proteases which trigger large-scale protein degradation
(Pladys & Vance, 1993). In nodules of plants inoculated with effective microsymbionts,
senescence zones are not visible until several weeks after inoculation (Vance, 1996;
Vasse et al., 1990). However, an ineffective host-strain interaction can induce rapid
senescence and exhibit a markedly reduced N2-fixing zone (Egli et al., 1991).

At the plant cell level, senescence is characterised by the change of the symbiosome
from a site of N2 fixation into a lytic compartment. The symbiosomal membrane breaks
down and N2 fixation ceases (Herrada et al., 1993), apparently involving the autooxidation of leghemoglobin and the release of superoxide anions and hydrogen peroxide
(Puppo et al., 1991). Ultimately, both the plant cell and the bacteroids which it contains
are destroyed in the process (Brewin, 1998). In an indeterminate nodule, there is a fine
balance between the maintenance of meristematic activity and senescence (Vance,
1996). Presumably, when the rate of senescence increases, the nodule itself will begin
to senesce. Little information is available about plant signals which trigger bacteroid
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and ultimately nodule senescence, although recent molecular approaches may begin to
elucidate their origin (Van de Velde et al., 2006).

Finally, proximal to Zone IV, Timmers et al. (2000) have demonstrated that another
area, termed Zone V, exists in M. sativa nodules six weeks and older inoculated with S.
meliloti. In Zone V, a second round of release of bacteria from infection threads occurs.
These bacteria do not differentiate into bacteroids, do not fix N and are not subject to
autolysis, suggesting that they inhabit this nodule zone saprophytically and not
symbiotically (Timmers et al., 2000). Differentiation into bacteroids in indeterminate
nodules is often stated to be a developmental dead-end, as less than 1 % of bacteroids
are able dedifferentiate into the free-living state in vitro (McRae et al., 1989; Mergaert
et al., 2006). Therefore, this observation by Timmers et al. (2000) may go part of the
way to explaining how bacteria derive benefits from the symbiotic interaction in an
evolutionary sense.

Release of bacteria from Zone V (and those bacteria within

infection threads) upon plant senescence and degradation of nodule tissue will
presumably result in the release of saprophytic siblings of the nodule bacteria into the
soil.
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1.4 Bacterial polysaccharides and symbiosis

Bacteria produce numerous kinds of polysaccharides – sugar polymers which are
excreted by the cell and are grouped together under the name glycocalyx (Costerton et
al., 1981). The bacterial glycocalyx can consist of a number of components: those that
form a loosely adherent layer (exopolysaccharides or EPS), those that form an adherent,
cohesive layer (capsular polysaccharides, CPS, K-antigens or KPS), those directly
anchored to the outer bacterial membrane (lipopolysaccharides or LPS) and those which
are concentrated within the periplasmic space [cyclic β-(1,2)-glucans] (Becker &
Pühler, 1998; Miller et al., 1986; Skorupska et al., 2006). Although the structure,
diversity and production of these polysaccharides have been investigated, their precise
biological role remains unclear. Nevertheless, substantial progress has been made in
implicating these compounds into various aspects of symbiosis, with the structure,
regulation and symbiotic role of EPS in Sm1021 having been most closely studied.

1.4.1 EPS in Sm1021
Initially, Sm1021 was found to produce a single type of EPS, dubbed succinoglycan or
EPS I (Leigh et al., 1985), composed of an octasaccharide repeating unit of one
galactose and seven glucose residues with acetyl, succinyl and pyruvyl modifications
(Figure 1.5) (Reinhold et al., 1994; Reuber & Walker, 1993b). Currently, there are
some 30 genes (designated exo/exs) known to direct the production and secretion of this
EPS and they are located on pSymB and the chromosome of Sm1021 (Skorupska et al.,
2006; Becker & Pühler, 1998).
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Figure 1.5 - Structures of (a) succinoglycan produced by Sm1021 and (b)
galactoglucan produced by Rm8601 (Rm8530 exoA32::Tn5-233). Structures
derived from Reinhold et al.(1994), Reuber and Walker (1993b) and Her et al.
(1990). Ac, acetyl; Succ, succinyl.

Another type of EPS, initially named EPS II (or EPSb), was identified in S. meliloti
strain Rm8530 (Glazebrook & Walker, 1989). This strain was first observed during the
screening of Tn5 mutants of Sm1021 (Glazebrook & Walker, 1989). Unlike the dry
colony-forming Sm1021, Rm8530 was mucoid on LBMC medium (Glazebrook &
Walker, 1989).

In contrast to the structure of succinoglycan, analysis of EPS II

produced by a derivative of Rm8530 (strain Rm8601, carrying a Tn5 insertion in exoA
rendering the strain incapable of producing succinoglycan), revealed a simple polymer
devoid of carbohydrate side-chains (Her et al., 1990). EPS II from Rm8601 comprised
a repeating disaccharide unit of glucose and galactose, modified with acetyl or pyruvyl
substituents and was therefore named galactoglucan (Her et al., 1990; Glazebrook &
Walker, 1989) (Figure 1.5). Production of galactoglucan in Rm8530 involves the exp
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genes consisting of some 25 genes located on pSymB of Sm1021 and some 200 kbp
from the exo/exs cluster (Becker et al., 1997).

Originally, it was supposed that Tn5 had inserted in Rm8530 into a key regulator of
galactoglucan synthesis and therefore allowed the production of this second
exopolysaccharide (Glazebrook & Walker, 1989). Subsequent attempts to complement
the galactoglucan-producing phenotype in Rm8530 and return the strain to a dry colony
phenotype were unsuccessful (Pellock et al., 2002). Pellock and colleagues (2002) then
resolved the issue by reporting evidence that Tn5 was not responsible for the mucoid
phenotype of Rm8530 and that the strain’s galactoglucan producing ability was due to
the in-frame excision of an insertion sequence (IS) from expR. In Sm1021, expR is
interrupted by 1712 bp of a transposable element (ISRm2011-1), whereas Rm8530 has
an intact expR gene (Pellock et al., 2002). Thus, expR functions as a positive regulator
of galactoglucan production in Rm8530. Notwithstanding, subsequent reviews have
continued to label expR as a negative regulator of galactoglucan production (Skorupska
et al., 2006; Fraysse et al., 2003).

Sequence analysis of expR from three independent S. meliloti isolates (Rm41, YE-2SL
and 102F34) compared to Rm8530 demonstrated that all four strains had distinct
sequences (Pellock et al., 2002). In addition, 102F34 carried an 11 bp deletion which
was predicted to result in the premature termination of translation of ExpR, whereas
Rm41 and YE-2SL appeared to carry intact copies of expR (Pellock et al., 2002).
Consistent with colonial observations of Sm1021 (interrupted expR, dry colony type)
and Rm8530 (intact expR, mucoid colony type), both Rm41 and YE-2SL (intact expR)
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are mucoid colony producers, whereas 102F34 has an 11 bp deletion in expR and forms
dry colonies (Pellock et al., 2002).

As well as the restoration of a functional expR, Sm1021 can be made to produce a
mucoid polysaccharide by inactivation of mucR (Keller et al., 1995; Zhan et al., 1989).
Strains carrying this mutation constitutively produced galactoglucan and lesser amounts
of succinoglycan (Keller et al., 1995; Zhan et al., 1989), implicating this gene as being
a positive regulator of succinoglycan synthesis and a negative regulator of
galactoglucan production. Galactoglucan can also be produced in Sm1021 when the
strain is grown at lower (0.1 mM) phosphate concentrations than routinely used in
standard laboratory medium (Zhan et al., 1991); its production is dependent on a
functional copy of phoB (Mendrygal & González, 2000).

1.4.2 EPS in other rhizobia
Since the first report of a succinate-containing polysaccharide being isolated from the
soil bacterium Alcaligenes faecalis var. myxogenes (Harada, 1965), relatively few
detailed structures of the types of succinoglycan produced by S. meliloti strains have
been reported. A comparison of succinoglycan produced by S. meliloti YE-2 with those
produced by Pseudomonas sp. NCIB 11592, Agrobacterium radiobacter A201-21, and
a Rhizobium sp. from Vicia faba, showed that only S. meliloti YE-2 carried acetate
substitutions in its EPS and that the degree of succinylation varied across the strains
(Matulová et al., 1994). A recent report by Simsek et al. (2007) further demonstrated
structural variability in succinoglycan in two natural S. meliloti isolates (NGR185,
Rm41) compared to Sm1021 and found that different quantities of succinate were
present.

In addition, evidence from Rm41 suggests that in some EPS polymers
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produced by the strain, the succinate substituent has been substituted for malate
(Simsek et al., 2007).

Detailed EPS structures have been reported for a small number of other rhizobia. The
EPS produced by the highly promiscuous Rhizobium sp. strain NGR234 is similar to
that of Sm1021 but differs in having a main backbone of glucose/galactose links and a
side chain of galacturonic acid, a terminal galactose residue, with pyruvate and acetate
groups, but no succinate (Djordjevic et al., 1986) (Figure 1.6).

Figure 1.6 - Structure of EPS from NGR234 and insert figures of EPS from R.
leguminosarum biovars. Diagram from Djordjevic et al. (1986).

The basic structure of EPS produced by different biovars of R. leguminosarum
nodulating different plant hosts has been determined, with strains exhibiting the same
basic structure of repeating units of glucose, glucuronic acid and galactose. However,
patterns of substitution with acetyl and pyruvyl groups and presence of carbohydrate
side chains do vary (Becker & Pühler, 1998).

To date, only S. meliloti strains Sm1021, Rm8530 and YE-2SL have been reported to
produce

both

succinoglycan

and

galactoglucan

(Zevenhuizen, 1997; Glazebrook & Walker, 1989).

under

laboratory

conditions

In the case of YE-2SL, the

quantities of each EPS produced are dependent upon culture conditions. Zevenhuizen
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(1997) reported that as NaCl concentration increased in liquid glutamic acid-mannitol
medium, the production of succinoglycan increased and galactoglucan decreased for
YE-2SL. Clearly from these data, and from the production of galactoglucan at low
phosphate concentration in Sm1021 (Zhan et al., 1991), EPS structure and composition
are variable across strains, species and culture conditions.

1.4.3 EPS and the Medicago-Sinorhizobium meliloti symbiosis
The exopolysaccharides produced by Sm1021 and its derivatives are necessary for the
nodulation or N2 fixation of various Medicago spp, and these interactions are
summarised in Table 1.2. When exoY, [encoding a galactosyl transferease which, along
with exoF, is responsible for initiation of succinoglycan chain elongation (Müller et al.,
1993; Reuber & Walker, 1993a)] is mutated in Sm1021, the resultant strain Rm7210
does not produce succinoglycan (Leigh et al., 1985). It is able to elicit nodules on M.
sativa, but the nodules are devoid of bacteria (Leigh et al., 1985). Studies of Sm1021
revealed that succinoglycan was produced in both high and low molecular weight
(HMW and LMW) forms, corresponding to polymers with varying numbers of
monomer constituents (Battisti et al., 1992; Leigh & Lee, 1988). Only the LMW form,
specifically the trimeric form, allowed invasion of alfalfa nodules (Wang et al., 1999).
Rm9000, an exoY null mutant of Rm8530 which cannot produce succinoglycan but does
produce galactoglucan, is able to nodulate and fix N2 on M. sativa, indicating that
galactoglucan is able to substitute for the absence of succinoglycan (González et al.,
1996), although Rm8530 carrying a null mutation in exoA rendering it succinoglycan
deficient, failed to nodulate M. truncatula (Glazebrook & Walker, 1989).

Like

succinoglycan, the active fraction of galactoglucan was shown to be a LMW form of the
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polymer, specifically consisting of 15-20 galactoglucan disaccharide units (González et
al., 1996).

Table 1.2 – The EPS profile, relevant genotype/conditions and symbiotic
performance of Sm1021 and its derivatives.
Symbiotic
Strain
performance#
Relevant genotype/
EPS phenotype
condition
M.
M. sativa
truncatula
Sm1021 expR102::ISRm2011-1
Nod+
succinoglycan
Nod+, Fix+
Fix+
expR102::ISRm2011-1
succinoglycan
Nod+
Not
Sm1021
and
0.1 mM phosphate
ND
Fix
determined
galactoglucan
exoY210::Tn5; expR+
Rm7210 expR102::ISRm2011-1
Nil
NodNod-

Rm8530

expR+

succinoglycan
and
galactoglucan

Nod+
Fix+

Not
determined

Rm9000

exoY210::Tn5; expR+

galactoglucan

Nod+
Fix+

Nod-

mucR::Tn5

succinoglycan
and
galactoglucan

Nod+
Fix+

Not
Determined

^

Rm3131

# Symbiotic performance is defined here as the ability to form nodules (Nod+) or fix N2
(Fix+) with the stated host. FixND denotes N2 fixation ability was not reported, only the
ability to nodulate M. sativa and form pink nodules.
^ Rm3131 is a derivative of Sm2011 (Keller et al., 1995).

One other type of polysaccharide, KPS, has been shown to mediate nodulation in the S.
meliloti – Medicago symbiosis. KPS, present in strain S. meliloti Rm41, is able to
substitute for the absence of succinoglycan and galactoglucan in AK631 (Putnoky et al.,
1990; Reuhs et al., 1995) but the ability to produce this polysaccharide is absent in
Sm1021 due to the absence of lpsB in this strain (Reuhs et al., 1995; Williams et al.,
1990). Provision of lpsB from Rm41 to Sm1021 mutants deficient in succinoglycan
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production result in a strain able to nodulate and fix with M. sativa (Reuhs et al., 1995;
Williams et al., 1990).

The precise role that EPS plays in the symbiosis between Medicago spp. and S. meliloti
is yet to be determined, but there are numerous hypotheses available. These include
suppression of host defence mechanisms, facilitating attachment to root hairs through
plant lectins, structural roles in infection thread formation, formation of a protective
sheath over bacteria in infection threads and the release of bacteria from threads into the
developing nodule (Skorupska et al., 2006; D'Haeze & Holsters, 2004). Work by
Pellock et al. (2000) with Sm1021 and its derivatives showed that succinoglycan was
more efficient at establishing a symbiosis with M. sativa than was galactoglucan. In
particular, Rm9000 (producing only galactoglucan), colonised less M. sativa curled root
hairs and initiated and extended less infection threads in this host, compared to Sm1021,
although whether there was a difference in plant dry weights or N-content between M.
sativa inoculated with either of these strains was not reported (Pellock et al., 2000).
Indeed, whether or not the type of EPS produced in S. meliloti can have any influence
on the effectiveness of N2 fixation with Medicago spp. is currently not known.
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1.5 Aims of this thesis

From the accumulated evidence described in sections 1.3 and 1.4, it is clear that the
symbiosis between Medicago spp. and Sinorhizobium spp. (and other legume-bacterial
interactions studied), is complex and involves the coordinated exchange and recognition
of signals from both symbiotic partners.

To date, numerous factors which result in the establishment of type 1 (no symbiotic
interaction) and type 2 (nodulation but no N2 fixation) symbioses have been identified.
These include incompatible plant nodulation signals, lack of appropriate bacterial nod
genes to produce specific Nod factor(s), absence of nif and fix genes to fix N in the
bacteroid, absence of genes important for bacteroid development (e.g. bacA) or
exopolysaccharides of correct structure to allow for nodule invasion and infection
thread development. In contrast, factors which lead to the development of type 3
(poorly effective) and type 4 (partially effective) symbioses, where nodulation occurs
and N2 fixation is measureable but where the rates of N2 fixation are below 20% (type
3) and between 20% and 75% (Type 4) of N-fed control plants, have received scant
attention. With an aim to maximise the use of BNF to attain its optimal economic and
environmental benefits in agricultural systems, it is necessary to identify the biotic
factors which lead to type 3 and 4 interactions and preclude the establishment of type 5
(or effective) symbioses.

With the availability of the full genome sequence of Sm1021 (Galibert et al., 2001) and
the current sequencing of the genome of the model indeterminate legume M. truncatula
(Young et al., 2005) to be completed in 2009, the symbiosis between these organisms
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represents an ideal starting point for investigating reduced N2 fixation effectiveness in
indeterminate nodules. The availability of the complete genome sequence will allow for
full transcriptomic and proteomic analyses on the symbiosis between these organisms to
be performed with greater ease.

Large-scale transcriptomic analyses with both

microarray and macroarray platforms have revealed a great deal of information about
how the expression profile of Sm1021 changes in response to growth in rich and
minimal medium, microoxic conditions, the nod gene inducer luteolin as well as during
the bacteroid state and how single mutations can affect the expression of hundreds of
downstream targets (Glenn et al., 2007; Sauviac et al., 2007; Capela et al., 2005;
Barnett et al., 2004; Becker et al., 2004; Hoang et al., 2004; Ampe et al., 2003). Given
the complexity of the N2-fixng legume-bacterial symbiosis and the wide range in
effectiveness observed in both natural and agricultural systems, it is highly likely that
the underlying genetic cause of reduced effectiveness will involve the interaction of
multiple genes. Transcriptomic analysis is therefore one technique which could identify
genes involved in determining the effectiveness of N2 fixation from a large potential
pool (i.e. the whole transcriptome), thereby allowing for the subsequent characterisation
of these genes by other methods, such as traditional gene inactivation.

In order to begin the investigation, the effectiveness of the M. truncatula-Sm1021
symbiosis needs to be quantified. Remarkably, no studies address this fundamental
question. In addition to quantifying the effectiveness of this symbiosis, it will be
necessary to also identify a range of strains which are more or less effective than
Sm1021 on M. truncatula. Also, the effectiveness of Sm1021 with other Medicago
hosts (including the well characterised and traditional host of Sm1021, M. sativa)
should be addressed, to gauge whether or not Sm1021 is broadly effective. The ultimate
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aim of this investigation would be to identify a series of different host and strain
interactions giving a basis to conduct comparisons between interactions of different
types (Figure 1.7)

Figure 1.7 – Example of three hypothetical strains with varying effectiveness of N2
fixation on host 1 (■) and 2 (■). Strain 1 x host 1 yields a partially effective
symbiosis (20-75% of N-fed control), but strain 1 x host 2 yields an effective
symbiosis (>75% of N-fed control). The situation is reversed for strain 3 with these
hosts and strain 2 is effective with both hosts.

Once established, these symbioses could be used as a reference for exploring the biotic
factors which preclude the establishment of effective symbioses. Given the importance
of EPS in nodule initiation (Section 1.4) and the complex nature of early signalling
events (Section 1.3) in the establishment of a symbiosis, these represent important
targets for investigating the basis of reduced N2 fixation effectiveness.

37

Chapter 1
Therefore, the aims of this thesis are:

1. Quantify the effectiveness of the model indeterminate N2 fixation system of M.
truncatula–Sm1021, compared to N-fed controls, the previously well studied
host M. sativa and with other Medicago hosts and bacterial strains.

2. Determine whether the different EPS profiles of Sm1021 (only succinoglycan)
and its derivative Rm8530 (which produces galactoglucan and succinoglycan)
result in any difference in N2-fixing capacity on M. truncatula

3. Investigate the timing of nodulation and early signalling events in the MedicagoSinorhizobium symbiosis to begin to understand the development of
suboptimally effective N2-fixing symbioses.
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Characterisation of N2 fixation effectiveness of the
model M. truncatula-Sm1021 symbiosis and other
strain-host interactions

Chapter 2
2.1 Introduction

A broad range of effectiveness of symbiotic interactions exists in legume symbioses
(Section 1.2; Sprent, 2007).

To investigate the biotic factors which preclude the

establishment of effective (type 5) interactions and give rise to suboptimal (type 3 and
4) symbioses (Section 1.2), it is necessary to identify a number of strains and hosts for
which effectiveness varies. These strain and host combinations can then serve as the
basis for comparisons of different effectiveness types.

Sm1021 has been studied for many years, is one of the most genetically and
biochemically well characterised strains and the full genome sequence of the organism
is available (Galibert et al., 2001). Although M. sativa is the traditional host of choice
for studies of the symbiotic characteristics of Sm1021, M. sativa was unsuitable as a
target organism for genome sequencing and the more amenable annual diploid M.
truncatula was chosen in its place (Cook, 1999; Barker et al., 1990). The choice of M.
truncatula as the model indeterminate legume was made with the belief that it was a
suitable host for Sm1021 and the availability of the full genome sequence of both
symbiotic partners would help to increase our understanding of this and other N2-fixing
symbioses. The sequencing of the M. truncatula genome has resulted in this organism
being the focus of intensive research world-wide (Young et al., 2005; Van den Bosch &
Stacey, 2003). Simsek et al. (2007) have noted that this symbiosis ‘was much less
efficient ... than the other compatible strains’, an observation supported by Garau and
co-workers (2005).

Apart from these observations, no published work has

comprehensively addressed the N2 fixation effectiveness of the model M. truncatulaSm1021 symbiosis. Molecular studies into the model symbiosis need to have a reliable
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bench mark; quantifying the effectiveness of this model interaction is therefore a vital
first step.

This chapter seeks to quantify the effectiveness of N2 fixation of the model legumesequenced microsymbiont interaction by comparing it to two other Sinorhizobium
strains: S. medicae WSM419, a strain isolated from Sardinia (Howieson & Ewing,
1986) which has been studied for many years and whose full genome sequence is now
available (Genbank accession NC_009636) and Sinorhizobium sp. strain WSM1022, a
field isolate which has not previously been characterised. In addition, the ability of
Sm1021, WSM419 and WSM1022 to fix N on other Medicago hosts, including M.
sativa, will be assessed to gauge the breadth of N2 fixation effectiveness of the strains of
interest.
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2.2 Materials and Methods

2.2.1 Bacterial strains and plant accessions
Sinorhizobium meliloti 1021 was obtained from Professor Sharon Long (Stanford
University, USA).

Sinorhizobium medicae WSM419 is an isolate from Sardinia

(Howieson & Ewing, 1986) and was the commercial inoculant for annual Medicago
spp. in Australia from 1985-1993 (Bullard et al., 2005). Sinorhizobium sp. WSM1022
is a field isolate from Naxos (Greece) from the annual legume M. orbicularis (J. G.
Howieson, CRS, WSM Genebank).

Plant accessions of M truncatula cv. Jemalong (SA1619), M. truncatula cv. Caliph
(SA27783), M. truncatula A17 (SA37443, a single seed descendant of Jemalong and
the reference line for the sequencing effort), M. arabica (SA36043) M. littoralis
(SA421) and M. tornata (SA3639) were obtained from the Genetic Resource Centre,
South Australian Research and Development Institute (Adelaide, South Australia). M.
sativa cv. Sceptre, M. polymorpha cv. Santiago, M. murex cv. Zodiac and M.
sphaerocarpus cv. Orion, were obtained from the Department of Agriculture and Food,
Western Australia (South Perth, Western Australia).

2.2.2 Glasshouse experimental design
Glasshouse experiments were block-randomised with three replications. Each pot was
initially sown with six plants and thinned to four after two weeks. Three experiments
were conducted. Experiment 1 investigated the potential for N2 fixation with three
strains of Sinorhizobium (WSM419, WSM1022 and Sm1021) inoculated separately
onto five annual species of Medicago. Experiment 2 investigated N2 fixation with
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Sm1021 and WSM1022 on three M. truncatula accessions (SA1619, SA27783 and
SA37443), as well as the closely related M. littoralis and M. tornata. Experiment 3
investigated N2 fixation and nodule morphology produced by three strains of
Sinorhizobium (Sm1021, WSM419 and WSM1022) inoculated separately onto the
perennial medic M. sativa in comparison with M. truncatula SA37443.

2.2.3 Experiments to assess N2 fixation
Plants were grown in free-draining pots with a 1:1 mix of yellow sand and washed river
sand, utilising the axenic system and procedures described by Howieson et al. (1995).
Under these conditions, growth of legumes is limited by nitrogen deficiency, except
when they are effectively nodulated. Legume seeds were lightly scarified with fine
sand-paper and surface sterilised in 70% (v/v) ethanol (1 min), 4% (w/v) NaOCl (3
min), followed by six rinses of deionised water and were then placed onto 0.9% (w/v)
water agar plates in the dark to allow germination. When radicles were 0.5-1 cm in
length, seedlings were aseptically sown into each pot. Pure cultures of the inoculant
bacteria were cultured on half lupin-agar (LA) comprising: Yeast extract, 1.25 g L-1; Dmannitol, 26.7 mM; D-glucose, 27.7 mM; MgSO4.7H2O, 3.24 mM; NaCl, 1.71 mM;
FeSO4.7H2O, 180 µM; K2HPO4, 100 mM; KH2PO4, 100 mM, Na2B4O7, 11.6 µM;
MnSO4.4H2O,

9.10

µM;

ZnSO4.7H2O,

760

nM;

CuSO4.5H2O;

320

nM;

Na2MoO4.2H2O, 520 nM; after Howieson et al. (1988)] with 1.5% (w/v) agar, for 3
days at 28˚C. Prior to inoculation, cultures were suspended in 1% (w/v) sucrose solution
to a concentration of 108 cells mL-1 and 1 mL of this suspension was inoculated onto
each seedling at sowing, with uninoculated controls receiving 1 mL of sterile sucrose
solution. Plus nitrogen (N) controls were fed weekly with 5 mL of 0.1 M KNO3 and
negative controls received no N. All plants were given regular (N-free) nutrients and
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sterile water as required with a nutrient solution containing (g L-1) MgSO4.7H2O, 0.31;
KH2PO4, 0.21; K2SO4, 0.44; FeEDTA, 0.06; CaSO4, 0.05; and trace elements (mg L-1)
H3BO3, 0.116; Na2MoO4.2H2O, 0.0045; ZnSO4.7H2O, 0.134; MnSO4.4H2O, 0.01;
CoSO4.7H2O, 0.06; after Howieson et al. (1995).

Plants were harvested 42 days post-inoculation (dpi).

Nodules were assessed for

number, distribution on the root system and morphology before being excised with a
scalpel, examined and photographed under a stereomicroscope (Olympus SZX 12).
Plant shoots were excised and dried for 2 days at 60˚C, then weighed. Nitrogen content
was determined on a Leco F528 Nitrogen Analyzer (CSBP Soil and Plant Laboratory,
Perth, Australia).

2.2.4 Statistical analysis
Experiments were analysed using the analysis of variance (ANOVA) package of
Genstat version 9 (Rothamsted Research). For each plant species/accession, significant
differences between treatments were determined by one-way ANOVA followed by a
post hoc Fisher’s least significant difference (LSD) test with P < 0.05. Data for
experiments 1 and 2 are presented as a percentage of the N-fed control and were log10
transformed before the statistical analysis.

2.2.5 Sequencing of 16S rDNA gene of WSM1022
One mL was taken from a TY (Beringer, 1974) broth culture of WSM1022 at an OD600
of 1.0. Cells were pelleted (21 000 x g, 1 min) and the supernatant was discarded.
Cells were resuspended twice with 1 mL of 0.89% (w/v) saline and pelleted (21 000 x g,

44

Chapter 2
1 min) and the supernatant discarded. Cell pellets were resuspended in a final volume
of 100 µL of 0.89% (w/v) saline.

Initial PCR amplification of the 16S rDNA region was conducted using the 20F
(AGTTTGATCCTGGCTCA) and 1540R (AAGGAGGTGATCCAGCCGCA) primers
designed by Yanagi and Yamasato (1993). PCR reactions of 100 µL were performed
with 1 µL of cell suspension, 20 µL of 5x Fisher-Biotech polymerisation buffer
[composition of 1x buffer: 67 mM Tris-HCl (pH 8.8), 16.6 mM (NH4)2SO4, 0.45% (v/v)
Triton X-100, 0.2 mg mL-1 gelatin and 0.2 mM dNTP)] , 0.5 µM of forward and reverse
primers (Geneworks), 1.5 mM MgCl2, 2.5 U of Taq (Invitrogen Life Technologies),
with the remaining volume made up with UltraPure grade water (Fisher Biotech). PCR
was conducted on an iCycler (Bio-Rad) and cycling parameters were: 5 min at 95̊C,
followed by 30 cycles of 95̊C for 30 s, 55˚C for 30 s and 72˚C for 30 s with a final 7
min at 72 ˚C prior to a final hold at 15˚C. Reactions were checked for a single product
of approximately 1.5 kbp by running 10 µL of PCR reaction on a 1% (w/v) agarose gel.
The remaining sample was then purified with the Qiagen PCR purification kit and
eluted into a final volume of 35 µL of the supplied EB buffer (Qiagen).

Sequencing of the amplified 16S rDNA regions was performed with primers designed
by Yanagi and Yamasato (1993) which bind at a range of loci along the length of the
16S rDNA region (Table 2.1). Four µL of purified amplified template was added to 4
µL of Big-Dye (version 3.1) with the relevant primer. Cycling parameters were as
described by the manufacturer (Applied Biosystems). Sequencing was performed with
the ABI model 377A automated sequencer (Applied Biosystems).
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Table 2.1 – Sequence of primers used for sequencing of the 16S rDNA region (Yanagi &
Yamasato, 1993).

Name

Sequence (5'3')

420F

GATGAAGGCCTTAGGGTTGT

800F

GTAGTCCACGCCGTAAACGA

1100F

AAGTCCCGCAACGAGCGCAA

1190R

GACGTCATCCCCACCTTCCT

820R

CATCGTTTACGGCGTGGACT

520R

GCGGCTGCTGGCACGAAGTT

Single-stranded sequences were aligned using Vector NTi version 10.0 (Invitrogen Life
Technologies) and compared to available sequences submitted to GenBank of S.
meliloti 1021 (Genbank Accession NC_003047), the S. meliloti type strain LMG6133
(X67222), the S. medicae type strain A321 (L39882) and to the S. medicae WSM419
sequence (NC_009636).
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2.3 Results

2.3.1 N2 fixation across a broad range of Medicago hosts
The effectiveness of Sm1021 at fixing N on a selection of Medicago hosts was assessed
through visual observation of plant vigour and measurement of plant production (dry
weight of shoots) in a growth environment limited by plant available nitrogen. Strains
WSM1022 and WSM419 inoculated onto M. truncatula out-yielded the M. truncatulaSm1021 symbiosis by more than 50% (P<0.05). The two former strains proved
effective with the model host whereas Sm1021 achieved only partial effectiveness
(Figure 2.1).

Sm1021 and WSM1022 did not differ (P<0.05) in their symbiotic

characteristics with four other hosts, with both strains failing to fix N2 on M.
polymorpha, M. murex and M. arabica, whilst fixing poorly on M. sphaerocarpus
(Figure 2.1). In contrast, S. medicae WSM419 was either effective (M. polymorpha, M.
murex) or partially effective (M. sphaerocarpus, M. arabica) on these same hosts
(Figure 2.1).
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Figure 2.1 - Plant shoot dry weights, expressed as a percentage of the N-fed control after
growth for 42 days in free-draining pots. Plants were either uninoculated (■) or inoculated
separately with cultures of Sm1021 (■), WSM1022 (■) or WSM419 (■). Dotted lines
delineate effective (≥75%), partially effective (between 20 -75%) and ineffective ≤20%)
(
symbioses. Inoculation of M. murex with either Sm1021 or WSM1022 failed to elicit
nodules. Within each plant species, treatments which share a letter are not significantly
different according to Fisher’s LSD test (P<0.05).

The phenomenon of partial effectiveness displayed by Sm1021 on the model legume M.
truncatula was also evident from a broader comparison of other compatible hosts
(Figure 2.2). Whereas WSM1022 was able to fix effectively with hosts M. littoralis and
M. tornata as well as with two additional accessions of M. truncatula, Sm1021 proved
suboptimal for N2-fixation across this same range of hosts (Figures 2.2 and 2.3).
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Figure 2.2 – Plant shoot dry weights, expressed as a percentage of the N-fed control after
growth for 42 days in free-draining pots. Plants were either uninoculated (■) or inoculated
separately with cultures of Sm1021 (■) or WSM1022 (■). Dotted lines delineate effective
(≥75%), partially effective (between 20-75%) and ineffective ≤20%)
(
symbioses. Within
each plant species, treatments which share a letter are not significantly different according to
Fisher’s LSD test (P<0.05).
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Figure 2.3 – Photographs of M. littoralis, M. tornata and three accessions of M. truncatula
(SA1619, SA27783 and SA37443) at 42 dpi, prior to harvest. In all cases, Sm1021 yielded
smaller plants than WSM1022 on the same host

2.3.2 M. truncatula and M. sativa as hosts for Sm1021
Sm1021 was substantially more effective at fixing N2 on the traditional host M. sativa
than on M. truncatula (Figure 2.4). WSM1022 was effective with both hosts, while
WSM419 was only effective with M. truncatula, demonstrating partial effectiveness in
association with M. sativa (P<0.05) (Figure 2.4). Analysis of the shoot N content
confirmed the shoot dry matter observations (Figure 2.5). Sm1021-inoculated M. sativa
showed shoot N content comparable to WSM1022 with this host (Figure 2.5), but M.
truncatula inoculated with Sm1021 had a lower N content than when inoculated with
WSM1022 (P<0.05).
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Figure 2.4 – Plant shoot dry weights, expressed as a percentage of the N-fed control after
growth for 42 days in free-draining pots. Plants were either uninoculated (■) or inoculated
separately with cultures of Sm1021 (■), WSM1022 (■) or WSM419 (■). Dotted lines
delineate effective (≥75%), partially effective (between 20 -75%) and ineffective ≤20%
(
)
symbioses. Within each plant species, treatments which share a letter are not significantly
different according to Fisher’s LSD test (P<0.05).
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Figure 2.5 – Mean shoot nitrogen content determined from plants grown in free-draining
pots for 42 days. Both M. truncatula A17 (■) and M. sativa cv. Sceptre (■) were either
uninoculated or inoculated separately with cultures of Sm1021, WSM1022 or WSM419.
Bars indicate LSD (P< 0.05).

2.3.3 Nodule development
Sm1021 and WSM1022 both failed to nodulate M. murex and formed extremely small,
white nodule-like protuberances on M. polymorpha (Figure 2.6, Table 2.2). On M.
sphaeocarpus and M. arabica, inoculated separately with Sm1021 or WSM1022,
nodule distribution and morphology were not different, with both the strains yielding
large, pink-coloured nodules on M. sphaerocarpus and numerous small, pale nodules
with a strong green colouration visible on M. arabica (Figure 2.6, Table 2.2). In
contrast, WSM419 formed lower numbers of nodules, which were large and pink, for all
these hosts (Figure 2.6, Table 2.2).
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Table 2.2 - Average nodule number on hosts from experiments 1 and 2 inoculated with
either Sm1021, WSM1022 or WSM419 and harvested 42 dpi. Strains which share a letter on
a host from the same experiment are not significantly different (P<0.05).

Average nodule number/plant

Host

Sm1021

WSM1022

WSM419

M. polymorpha

5.7a

4.4a

5.3a

M. murex

0

0

9.4

M. sphaerocarpus

4.9a

5.8a

4.6a

M. arabica

9.2a

8.1a

6.1a

M. littoralis

8.3a

7.5a

NT#

M. tornata

11.3a

9.3a

NT

M. truncatula cv. Jemalong

15.8a

6.2b

NT

M. truncatula cv. Caliph

13.5a

4.4b

NT

M. truncatula A17*

(1) 18.4a
(2) 16.1a

(1) 5.3b
(2) 5.8b

(1) NT
(2) 6.9b

* Average nodule number for M. truncatula A17 in experiments (1) and (2), respectively.
#
NT = Not Tested
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Figure 2.6 – Photographs of nodule morphology and distribution when WSM419 was
inoculated onto (a) M. polymorpha and (b) M. murex (c) M. sphaerocarpus and (d) M.
arabica and when Sm1021 was inoculated onto (e) M. polymorpha, (f) M. murex (g) M.
sphaerocarpus and (h) M. arabica.
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Roots of M. sativa plants inoculated with Sm1021, WSM1022 or WSM419 revealed
few differences in nodule morphology, distribution or number. On average, nodule
numbers on M. sativa inoculated separately with either strains Sm1021, WSM1022 or
WSM419 did not differ (P>0.05) and nodules were relatively few (Table 2.3). These
nodules were relatively large, with a strong red colouration, and tended to be tightly
distributed in the upper root zone (Figures 2.7, 2.8). The nodule data were the same
when M. truncatula was inoculated separately with either WSM1022 or WSM419
(P<0.05, Table 2.3).

In contrast, M. truncatula inoculated with Sm1021 showed

greater numbers of nodules (P<0.05), eliciting more than twice as many nodules on this
host. These nodules tended to be smaller and paler, distributed across the entire root
system, showing a visible green-colouration at the proximal end, in comparison to
WSM419 or WSM1022 on M. truncatula (Figures 2.7, 2.8).

Table 2.3 – Average nodule number of M. truncatula (SA37443) and M. sativa (cv.
Sceptre) harvested after 42 dpi. Strains which share a letter on a host are not significantly
different (P<0.05).

Average nodule
number/plant

Strain

M. truncatula

M. sativa

Sm1021

17.7b

7.3a

WSM1022

7.9a

6.2a

WSM419

6.5a

6.8a
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Figure 2.7 – Photographs of nodule morphology and distribution when Sm1021 was
inoculated onto M. truncatula (a & b), M. sativa (c & d) and when WSM419 was inoculated
onto M. truncatula (e & f). Bars: (a, c, e), 1 cm; (b, d, f), 500 μm.
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Figure 2.8 – Stereomicroscope photos of nodules from M. truncatula inoculated with (a)
Sm1021, (b) M. sativa inoculated with Sm1021 (c) M. truncatula inoculated with WSM419.

2.3.4 16S rDNA sequence of WSM1022
Sequencing of the 16S rDNA of WSM1022 resulted in 1452 bp of DNA sequence, with
each base being confirmed by at least three different primers, to reduce the possibility of
unintended mismatches. The sequence was submitted to Genbank (Accession number
EU885227). A comparison with the 16S rDNA sequence of S. meliloti 1021, S. meliloti
LMG6133T (X67222), S. medicae WSM419 and S. medicae A321T (L39882) was made
(Figure 2.9). Five single base-pair mismatches were present between WSM1022 and
the S. medicae strains (Figure 2.9). Only one base pair mismatch was present between
WSM1022 and the two S. meliloti strains.
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Figure 2.9 – Graphical representation of position and identity of mismatches in 16S rDNA
sequence alignment between WSM1022 (EU885527), Sm1021 (AL591792), S. meliloti
LMG 6133T (X67222), WSM419 and S. medicae A321T (L39882). Strains possessed the
same base pair sequence except for the five positions noted. A series of dashed lines
indicates that strains share the same sequence at the given position.
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2.4 Discussion

2.4.1 Identification of WSM1022 as belonging to the species Sinorhizobium meliloti
Currently, the N2-fixing rhizobia which nodulate Medicago spp. are divided into two
species in the same genus: Sinorhizobium meliloti and S. medicae (Rome et al., 1996a;
Jordan, 1984). These species have been differentiated based on both phenotypic and
genotypic features (Section 1.3.2) (Garau et al., 2005; Brunel et al., 1996; Rome et al.,
1996a; Rome et al., 1996b). Strain WSM1022 was isolated from Naxos (Greece) from
M. orbicularis but a description and characterisation of this strain has not previously
been published.

It was found that WSM1022 was unable to nodulate M. murex and unable to fix N2 with
M. polymorpha, yielding small white nodule-like protuberances on the latter host.
These characteristics have previously been reported as being indicative of S. meliloti
strains (Garau et al., 2005; Rome et al., 1996b). WSM1022 was also poorly effective
on M. arabica and M. sphaerocarpus, two Medicago spp. which, like M. murex and M.
polymorpha, are commonly adapted to acid soils (Gillespie & McComb, 1991;
Howieson & Ewing, 1989), while on M. truncatula, WSM1022 was effective.

In

contrast, S. medicae WSM419 was more effective than WSM1022 on all of the other
annual Medicago spp. tested, in particular being able to fix N2 with both M. polymorpha
and M. murex. Finally, 16S rDNA sequencing revealed that WSM1022 did not share
the same two base-pair mismatches which Garau et al. (2005) demonstrated
differentiated S. meliloti and S. medicae strains: WSM1022 possesses the same base
composition at the loci in question as S. meliloti isolates, although it does possess a one
bp mismatch when compared to the S. meliloti and S. medicae type strains, Sm1021 or
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WSM419.

Therefore taken together, the data presented here are consistent with

WSM1022 belonging to the species Sinorhizobium meliloti.

2.4.2 N2 fixation in the model M. truncatula-Sm1021 symbiosis is partially effective
The plant dry weight, N content and the nodule data together provide strong evidence
for a poorly matched symbiosis between Sm1021 and M. truncatula, supporting the
observations of Simsek et al. (2007) and Garau et al. (2005).

The symbiosis is

characterised by reduced plant dry weights and lower N content than other symbioses
examined. The larger number of nodules seen on the roots of M. truncatula and their
atypical morphology are indicative of ineffective nodulation (Frederick, 1978;
Mishustin & Shil'nikova, 1971). Similar observations have been reported in cases of
molybdenum or cobalt-deficiency (Riley & Dilworth, 1982; Robson et al., 1979;
Anderson & Spencer, 1950). In both these cases, the symbiosis is hindered due to the
inability to fix sufficient N. In the case of Mo, this is due to it being an important part of
the nitrogenase complex, without which N2 fixation cannot proceed. In the case of Co,
this is due to the element being essential for bacteroid multiplication, DNA synthesis,
propionate metabolism and methionine synthetase (Rosendahl et al., 1991). Mo or Co
deficiency are unlikely in this case, as Mo and Co are both available in the experimental
system in sufficient quantities. Therefore, the presence of more nodules and their
atypical morphology on the model M. truncatula-S. meliloti system is most likely due to
the symbiosis not being effective for N2 fixation. The fact that Sm1021 also produced
lower dry weights on M. littoralis and M. tornata, relative to WSM1022, suggests that
there may well be broader symbiotic deficiencies in this strain.
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Interestingly, although also giving rise to reduced plant dry weights, the M. sativaWSM419 symbiosis did not result in the formation of numerous small, pale nodules
which were observed with M. truncatula-Sm1021. M. sativa-WSM419 nodule number
and morphology was comparable to those of the effective M. sativa-Sm1021 and M.
sativa-WSM1022 interactions. This suggests there may be different factors
underpinning the effectiveness of the partially effective interactions of M. truncatulaSm1021 and M. sativa-WSM419 and that the regulation of nodule number may be
important in the model M. truncatula-Sm1021 system.

SU47, the parent strain of Sm1021, has been reported to be relatively effective with M.
truncatula (Snyman & Strijdom, 1980; Brockwell & Hely, 1966), although only
Brockwell & Hely (1966) have compared M. truncatula dry weights to that of N-fed
controls. Why is it that SU47 appears to be more effective on M. truncatula than
Sm1021? SU47, first isolated in 1939 (Vincent, 1941) from M. sativa growing at
Bathurst, Australia, has, over the years, been sent to many research laboratories around
the world and presumably cultured and stored under varying conditions. It is difficult to
say how similar the parent strain isolated 62 years earlier is to the spontaneous StrR
strain Sm1021 (Meade et al., 1982) sequenced in 2001 (Galibert et al., 2001), but it is
possible that the strain acquired altered symbiotic characteristics in the intervening
years. Physiological differences are known to exist between the independent SU47
derivatives Sm1021 and Sm2011. Specifically, uninduced Sm1021 is able to trigger a
calcium-spiking response in M. truncatula root hair cells as fast as purified Nod factor,
but Sm2011 can only trigger the same response after addition of luteolin (Wais et al.,
2002).

These differences may also be the result of long-term cultivation in the

laboratory.
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2.4.3 Implications for studies of the model indeterminate symbiosis
Based on the classification of symbiotic effectiveness discussed (Section 1.2), the model
M. truncatula-Sm1021 symbiosis is a partially effective (type 4) interaction, whereas
both WSM1022 and WSM419 with M. truncatula are effective (type 5) interactions. In
contrast, Sm1021 and WSM1022 with M. sativa were effective (type 5), but WSM419
was only partially effective (type 4) on this host. That Sm1021 fixed more effectively
on M. sativa than M. truncatula reflects the historical utilisation of its parent SU47 as a
commercial inoculant with M. sativa (Bullard et al., 2005) and the common acceptance
thereafter of Sm1021 in the laboratory. As a tetraploid plant, M. sativa was not a
suitable candidate for sequencing, and hence M. truncatula was chosen (Cook, 1999;
Huguet & Prosperi, 1996; Barker et al., 1990). At this time, there was little available
information on the inferior symbiotic relationship between Sm1021 and M. truncatula.
This situation was probably exacerbated by the common practice of classifying
symbiotic interactions purely on the basis of the ability to nodulate (Nod+/Nod-) or fix N
(Fix+/Fix-). While the use of this notation is convenient, especially when assessing
symbiotic characteristics of large numbers of strains or mutants, it serves to mask
differences in strains’ ability to fix N. Under a Fix+/- system of notation, both Sm1021
and WSM1022 would be scored as Fix+ on M. truncatula, even though WSM1022 outyields Sm1021 by more than 50% on this host. In order to maintain this convenient
notation system while including information on the level of effectiveness of a given
symbiotic interaction, it would be valuable to include Fix* to denote interactions which
fix <75% of N-fed controls. Another option could be to include a numerical superscript
denoting the dry weight accumulation as a percentage of the N-fed control, such as Fix40
for those interactions which fix 40% of N-fed controls. An alternative system would be
to use the classification system detailed previously (Section 1.2) and denote
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effectiveness using the type of interaction, where effective (type 5) interactions are Fix5
(or Fix+++), partially effective (type 4) are Fix4 (or Fix++) and poorly effective (type 3)
are Fix3 (Fix+).

Researchers working on legumes need to be aware that the Sm1021–M. truncatula A17
symbiosis is not optimally matched for N2 fixation. Molecular analyses of symbiotic
requirements need a reliable benchmark against which to make comparisons. The partial
effectiveness of the Sm1021–M. truncatula symbiosis suggests that it may not be able
to fulfil this role. The recently sequenced S. medicae WSM419 (Genbank accession
NC_009636), shown here to be a better microsymbiont for M. truncatula than Sm1021,
offers those studying host–strain interactions the opportunity to work on a highly
effective symbiosis. Its ability to nodulate and fix N with a wider range of hosts than
Sm1021 may also help in defining some of the factors which extend the host range of S.
medicae isolates, while its partial effectiveness with M. sativa demonstrates that the
strain is not optimally matched for symbiosis with all hosts. Finally, WSM1022 is an
effective strain on the model legume M. truncatula, the more traditional host M. sativa
as well as M. littoralis and M. tornata. Accumulating more genetic and biochemical
data on this field isolate and the sequencing of its genome would ultimately help to
unravel more factors necessary for establishing effective symbioses.

2.4.4 Further investigating the M. truncatula-Sm1021 symbiosis
The experiments detailed in this chapter have revealed the M. truncatula-Sm1021
symbiosis to be partially effective for N2 fixation, and have identified other effective
and partially effective host-strain relationships. Given the large number of nodules,
their morphology and distribution over the root system of M. truncatula inoculated with

63

Chapter 2
Sm1021, a critical next step in unravelling factors leading to this partially effective
symbiosis would be to examine nodule timing, nodule development and regulation of
nodule number at selected times after inoculation. In addition, during the course of the
above experiments, it was apparent that Sm1021 exhibited a dry colony morphology on
half-LA agar and was quite different to the extremely mucoid WSM1022 and the
mucoid WSM419 colony morphologies (data not shown). Polysaccharides have been
demonstrated to be necessary for root invasion by rhizobia (Section 1.4).

The

morphological differences between Sm1021, WSM1022 and WSM419 and their
influence on effectiveness of N2 fixation highlight another area requiring further
investigation.
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Investigation of the relationship between expR and
effectiveness of N2 fixation in M. truncatula and M.
sativa with Sm1021

Chapter 3
3.1 Introduction

Bacterial polysaccharides play an important role in the establishment of a symbiosis
(Section 1.4). In Sm1021 only one type of exopolysaccharide, succinoglycan (or EPS I)
(Reinhold et al., 1994) is produced under standard laboratory culturing conditions
(Glazebrook & Walker, 1989; Leigh et al., 1985).

Suppression of its production

through mutation of the exo genes results in a strain incapable of nodulating M. sativa,
M. truncatula, M. caerula, Melilotus alba and Trigonella foenum-graecum (Glazebrook
& Walker, 1989). A second EPS (galactoglucan) can be produced in Sm1021 by
restoration of an intact expR, mutation of mucR, or growth of the strain at a phosphate
concentration of 0.1 mM (Mendrygal & González, 2000; Keller et al., 1995; Zhan et al.,
1991; Glazebrook & Walker, 1989; Zhan et al., 1989). When these conditions are met
in an Sm1021 background, only restoration of an intact expR in Sm1021 results in a
strain (Rm8530) able to nodulate fix N with M. sativa. In the case of mucR and 0.1 mM
phosphate, the inability to functionally replace succinoglycan deficiency is due to the
HMW form of galactoglucan produced, as only the LMW form produced by strains
carrying intact versions of expR is capable of eliciting N2 fixing nodules on M. sativa
(González et al., 1996).

In Sm1021, expR is interrupted and non-functional due to the presence of the insertion
element ISRm2011-1 (Pellock et al., 2002). Rm8530 is a spontaneous reversion to a
functional expR, where precise excision of ISRm2011-1 has occurred (Pellock et al.,
2002). The functional expR in Rm8530 results in this strain being visibly more mucoid
than Sm1021 (Pellock et al., 2002; Glazebrook & Walker, 1989). Indeed, three other S.
meliloti strains examined showed that two (Rm41 and YE-2SL) carried intact versions
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of expR and were mucoid, whereas 102F34 possessed an 11 bp deletion in expR and
was dry (Pellock et al., 2002).

Evidently, the EPS produced by Sm1021 (and its derivatives) has a clear effect on its
morphology and the ability of the strain to fix N on Medicago hosts. Both WSM419
and WSM1022 are very mucoid strains (Howieson et al., 1988) (Section 2.4.4) and are
more effective microsymbionts for M. truncatula than the dry colony producing,
partially effective Sm1021 (Section 2.3). Given the important role that EPS plays in the
Medicago-Sinorhizobium symbiosis, a clear question emerged: Could the presence of a
functional expR and production of galactoglucan in Rm8530 result in increased N2
fixation effectiveness on M. truncatula? No published data detail the ability of Rm8530
to fix N with M. truncatula. Therefore, the aim of this series of experiments was to
investigate the role of expR in N2 fixation on M. truncatula and to quantify the
effectiveness of Rm8530 on this host.
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3.2 Materials and Methods
3.2.1 Bacterial strains, plasmids, media and plant accessions
S. meliloti Rm8530 (Sm1021 expR+) and Rm7210 (Sm1021 exoY210::Tn5; expR+) were
obtained from Professor Hai-Ping Cheng (The City University of New York, USA).
SU47, the parent strain of Sm1021, was obtained from ALIRU (Australian Legume
Inoculant Research Unit, Australia).

Escherichia coli strain S17.1 carrying the

pJNexpR plasmid (Bartels et al., 2007) was obtained from Dr Matthew McIntosh
(Bielefeld University, Germany). All other strains were sourced as per section 2.2.1. E.
coli S17.1 was cultured at 37̊C on LB medium (Miller, 1972) or AM3 (Oxoid).
Sinorhizobium strains were grown at 28̊C on TY (Beringer, 1974), half -LA medium
(Howieson et al., 1988), or a modified YMA (Vincent, 1970) of the following
composition: D-glucose, 16.7 mM; mannitol, 10.7 mM; yeast extract, 1.0 g L-1;
K2HPO4, 2.87 mM; MgSO4.7H2O, 812 µM; NaCl, 1.71 mM; CaSO4.2H2O, 290 µM and
NH4Cl, 1.87 mM. Agar concentration in all media was 1.5 % (w/v). When antibiotic
selection was required, Sinorhizobium cultures were supplemented with gentamycin
(Gm, 40 µg mL-1), streptomycin (Sm, 100 µg mL-1) or chloramphenicol (Cm, 20 µg
mL-1), and E. coli with Gm (10 µg mL-1).

For Calcofluor staining experiments, strains were cultured on LBMC agar medium
(Glazebrook & Walker, 1989) [consisting of LB medium (Miller, 1972) with 2.5 mM
MgSO4 and 2.5 mM CaCl2] supplemented with 0.02% (w/v) Calcofluor (Fluroescent
Brightner # 28, Sigma-Aldrich) and antibiotics, where appropriate. After 3 days at
28˚C, cultures were photographed during exposure to UV light at 265 nm. To compare
Congo red uptake by the strains, the stain (traditionally used as a contraindication of the
presence of rhizobia) was added to modified YMA at of 25 mg L-1(Vincent, 1970).
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Plant accessions M. truncatula A17 (SA37443) and M. truncatula cv. Jemalong
(SA1619) were obtained from the Genetic Resource Centre, South Australian Research
and Development Institute (Adelaide, South Australia) and M. sativa cv. Sceptre from
Department of Agriculture and Food, Western Australia (South Perth, Western
Australia).

3.2.2 Glasshouse experimental design
Glasshouse experiments were block-randomised with three replications. Each pot was
initially sown with six plants and thinned to four plants after two weeks.

Two

experiments were conducted. Experiment 1 investigated the ability of Rm8530 to fix N
on M. truncatula A17 (SA37443), M. truncatula cv. Jemalong (SA1619) and M. sativa
cv. Sceptre compared to four other strains (Sm1021, SU47, WSM1022, WSM419).
Experiment 2 investigated N2 fixation of the complemented strain Sm1021(pJNexpR)
with Rm8530 and Sm1021 on M. truncatula A17 (SA37443) and M. sativa cv. Sceptre.
In both experiments, N-fed and uninoculated controls were included as per section
2.2.3.

3.2.3 Experiments to assess N2 fixation
Methods were as per section 2.2.3.

3.2.4 Production of the expR-complemented Sm1021(pJNexpR)
Sm1021 was grown in TY broth for 2 days at 200 rpm on a G10 gyratory shaker (New
Brunswick Scientific, Australia) at 28˚C, until OD 600 = 2.0. E. coli (pJNexpR) was
grown overnight in AM3 broth, supplemented with Gm. A 1 mL aliquot of each culture
was pelleted separately (20, 800 x g, 1 min). Each sample was resuspended in 500 µL
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of fresh TY, pelleted (20, 800 x g, 1 min) and resuspended again in 100 µL of fresh TY
broth. A sample (25 µL) of the E. coli (pJNexpR) suspension was transferred to the 100
µL of Sm1021 suspension, and the two mixed together. The entire 125 µL was then
spotted onto a TY agar plate and incubated overnight at 28˚C.

The following d ay, a

loop of bacteria taken from the previous night’s growth was restreaked onto selective
TY plates (Sm, Gm). At the same time, two separate pure cultures of Sm1021 and
Rm8530 were streaked onto TY (Sm) and TY (Sm, Gm) agar plates to act as controls
for visual comparison of colony morphology. From the conjugation selection plates, six
mucoid colonies and five dry colonies were sub-cultured onto selective (Sm, Gm) and
non-selective half-LA medium, and subjected to PCR confirmation of the plasmid.

3.2.5 PCR screening for plasmid pJNexpR
Primers were designed to amplify a 1210 bp product spanning the araC and expR
regions of pJNexpR (Figure 3.1; Bartels et al., 2007). Forward and reverse primer
sequences (5`→ 3`) were:

araC2129F GCCATTCATGCCAGTAGGCG and

expR3275R CTTCCAGAACAGCCGCTTGG. Amplification was achieved using 1 µL
of OD 2.0 cell suspension, 0.5 µM of both forward and reverse primers, 5 µL of 5x
Fisher-Biotech polymerisation buffer [composition of 1x buffer: 67 mM Tris-HCl (pH
8.8), 16.6 mM (NH4)2SO4, 0.45% (v/v) Triton X-100, 0.2 mg mL-1 gelatin and 0.2 mM
dNTP)], 1.0 mM MgCl2, and 1.4 U Taq polymerase (Invitrogen), in a total reaction
volume of 25 µL. PCR was performed on an iCycler (BioRad) with the following
cycling parameters: An initial 95̊C for 5 min, followed by 35 cycles of 95˚C for 30 s,
55˚C for 45 s, 72˚C for 45 s and a final hold at 14˚C.
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Figure 3.1 – Map of the expR expression vector pJNexpR constructed by Bartels et al.
(2007). The vector carries the gene for aminoglycoside-3-O-acetyltransferase I (aacC1)
conferring gentamycin resistance, the promoter from the L-arabinose catabolic genes of E.
coli (ParaBAD) and its regulator araC, as well as the origin of replication (rep) and
mobilisation (mob) regions from pBBR (Antoine & Locht, 1992). Note that although
originally designed for arabinose-inducible induction in E. coli (Newman & Fuqua, 1999),
araC is transcribed and subsequently ParaBAD is active in Sm1021 in medium devoid of
arabinose (M. McIntosh, pers. comm., 2008) The expR region from Rm8530 was cloned
into the multiple cloning site of pJN105 (Newman & Fuqua, 1999) using EcoR1 and XbaIlinked primers. Primer binding sites for araC2129F and expR3275R are shown. Gene sizes
are not to scale.

3.2.6 Gel electrophoresis
Samples to be electrophoresed had a one-sixth volume of 6x gel-loading buffer added
[6x buffer contained 15% (w/v) Ficoll® 400, 0.03% (w/v) bromophenol blue, 0.03%
(w/v) xylene cyanol FF, 0.4% (w/v) orange G, 10 mM Tris-HCl (pH 7.5) and 50 mM
EDTA, Promega Corporation]. PCR products were electrophoresed in a 1% (w/v)
agarose gel in TAE (40 mM Tris acetate, 2 mM EDTA, pH 8.5) at 100 V for 45 min.
Gels were post-stained with ethidium bromide (EtBr, 0.5 µg mL-1) for 20-30 min,
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visualised using a UV transilluminator and a digital image of the gel was captured using
GEL-DOC 2000 (BioRad).

3.2.7 Assessment of nodule occupancy by the complemented Sm1021(pJNexpR)
To confirm that nodules of plants inoculated with Sm1021(pJNexpR) contained this
strain, 12 nodules from M. truncatula and 10 nodules from M. sativa were taken for
nodule crushes and further PCR identification. Specifically, nodules were excised with
forceps and stored (if required) overnight at 4˚C in empty 1.5 mL tubes. Nodules were
surface sterilised in 70% (v/v) ethanol (30 s), 4% (w/v) NaOCl (30-90 s, depending on
nodule size) and then washed in six changes of sterile DI water. Six nodules from each
plant were crushed in sterile Petri-dishes and the crushed nodules were streaked onto
selective (Sm, Gm) and non-selective half-LA. The remaining nodules from each host
were crushed and the contents were resuspended into 100 µL of sterile saline and
serially diluted 1:10 to 10-7. A 25 µL aliquot of each dilution was spotted onto both
selective (Sm, Gm) and non-selective half-LA. Both streak and dilution plates were
incubated at 28̊C for 2 -3 days. Streak plates were then visually compared for the
occurrence of dry and mucoid colony types.

Dilution plates were scored for the

proportions of dry versus mucoid colony types.

3.2.8 Statistical Analysis
Experiments were analysed using the analysis of variance (ANOVA) package Statistica
version 5.2 (Statsoft). For each plant/species accession, significant differences between
treatments were determined by one-way ANOVA followed by post hoc LSD tests. In
experiment 1, the data were heteroscedastic and could not be corrected by log10transformation, so significance levels for testing were set at 0.01 for the intitial ANOVA
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and at 0.05 for subsequent post hoc tests (Tabachnick & Fidell, 1996). In experiment 2,
data were square-root transformed to overcome problems with heteroscedascity and a
non-normal distribution.

Then, a nested ANOVA with factors of strain (the five

treatments, including controls) and pot (the three pots for each strain) was run for each
host separately, followed by post hoc LSD tests.
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3.3 Results

3.3.1 The effect of media on culture appearance
Sm1021, SU47 and Rm7210 were all phenotypically very similar when cultured on the
same medium (Figures 3.2, 3.3 and 3.4 photos a, c, e). These strains were dry, opaque,
translucent and readily formed single isolatable colonies (Figures 3.2, 3.3 and 3.4
photos a, c, e). In contrast, strains Rm8530, WSM419 and WSM1022 formed highly
mucilaginous growth patterns on these same media, tending to spread over the plate and
exhibiting few single colonies (Figures 3.2, 3.3 and 3.4 photos b,d,f).

Rm8530

resembled WSM1022 in the qualitative amount of mucilage produced and both strains
were amorphous and translucent, although WSM1022 also possessed a high sheen
(Figures 3.2, 3.3 and 3.4, photos b & d).

WSM419 was markedly different from the

other two mucoid strains when grown on either half-LA or YMA, with WSM419
yielding a distinctive “serpentine” or “doughnut” banding pattern on these media
(Figures 3.2f and 3.4f), whereas this was absent when it was grown on TY (Figure 3.3f).
All strains, except the exoY null mutant Rm7210, fluoresced under UV light when
cultured on LBMC medium in the presence of 0.02% (w/v) Calcofluor (Figure 3.5).
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Figure 3.2 – Sinorhizobium cultures grown for 3 days at 28
˚C on h alf LA medium. (a)
Sm1021 (b) Rm8530 (c) SU47 (d) WSM1022 (e) Rm7210 (f) WSM419.
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Figure 3.3 – Sinorhizobium cultures grown for 3 days at 28˚C on TY medium. (a) Sm1021
(b) Rm8530 (c) SU47 (d) WSM1022 (e) Rm7210 (f) WSM419.
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Figure 3.4 – Sinorhizobium cultures grown for 3 days at ˚C
28 on YMA medium. (a)
Sm1021 (b) Rm8530 (c) SU47 (d) WSM1022 (e) Rm7210 (f) WSM419

77

Chapter 3

Figure 3.5 – Sinorhizobium cultures grown for 3 days at 28
˚C on LBMC medium with
0.02% (w/v) Calcofluor. Photographs were taken whilst plates were exposed to UV light.
(a) Sm1021 (b) Rm8530 (c) SU47 (d) WSM1022 (e) Rm7210 (f) WSM419.

All derivatives of SU47 [Sm1021, Rm7210, Rm8530, Sm1021(pJNexpR)] grown on
Congo-Red containing YMA plates exhibited the similar cream-translucent colouration
of their colonies (Table 3.1). In contrast, WSM419 and WSM1022 were pink in colour,
with the former strain being markedly darker than the latter (Table 3.1). The pink
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colouration was only visible in regions of abundant growth and was not discernable
from the few single isolated colonies present.

Table 3.1 – Colony colour, colour intensity and colony appearance of strains of
Sinorhizobium grown on YMA plates containing Congo Red. A ‘+’ indicates the relative
intensity of the colony colour, with more signs indicating more intense colouration

Strain

Characteristics

Colony colour and
appearance

Field isolate,

Cream, translucent,

expR::ISRm2011-1

dry

SmR SU47 derivative,

Cream, translucent,

expR::ISRm2011-1

dry

exoY210::Tn5,

Cream, translucent,

expR::ISRm2011-1

dry

Mucoid Sm1021 derivative,

Cream, translucent,

intact expR

mucoid

Sm1021

Sm1021, expR::ISRm2011-1

Cream, translucent,

(pJNexpR)

carrying pJNexpR

mucoid

Field isolate, unknown expR

Light-pink,

status

translucent, mucoid

SU47

Sm1021

Rm7210

Rm8530

WSM1022

WSM419

Field isolate, intact expR*

Pink, translucent,
mucoid

Intensity of
pink
colouration

+
+++

* expR from WSM419 has a distinct sequence to that of Rm8530.
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3.3.2 N2 fixation effectiveness of galactoglucan-producing Rm8530 with M.
truncatula and M. sativa.
Both accessions of M. truncatula inoculated with the galactoglucan-proficient Rm8530
produced lower shoot dry weights than those plants inoculated with the galactoglucandeficient Sm1021 (P<0.05, Figure 3.6). On M. truncatula A17, Sm1021 produced
lower shoot dry weights than the parent strain SU47 (P<0.05) but there was no
significant difference in dry weights when M. truncatula cv. Jemalong was inoculated
with these strains (Figure 3.6). Both accessions of M. truncatula inoculated separately
with either WSM1022 or WSM419 yielded shoot masses significantly greater than any
other strain tested on these hosts (P<0.05, Figure 3.6).

On M. sativa, there was no

difference in dry weights of plants inoculated with Sm1021, Rm8530, SU47 or
WSM1022. Only M. sativa inoculated with WSM419 produced a lower dry weight
(P<0.05). N-fed plants were excluded from the data set due to a fungal contamination
at the surface of the pots.
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Figure 3.6 – Mean shoot dry weight of plants grown for 42 days. Plants were either
uninoculated (■), or inoculated with Rm8530 (■), Sm1021 (■), SU47 (■), WSM1022 (■) or
WSM419 (■). Treatments which share a letter within the host species are not significantly
different, according to post hoc LSD test (P<0.05).

The number of nodules per plant did not differ across strains when they were inoculated
onto M. sativa (Table 3.2). Nodule number per plant did differ on both accessions of M.
truncatula, with plants inoculated with Sm1021, SU47 and Rm8530 all having two to
three times more nodules than plants inoculated with either WSM419 or WSM1022
(P<0.05, Table 3.2). Nodules were not present on any of the uninoculated or N-fed
control plants.
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Table 3.2 – Average number of nodules per plant of M. truncatula A17, M. truncatula cv.
Jemalong and M. sativa cv. Sceptre inoculated separately with Sm1021, SU47, Rm8530,
WSM1022 or WSM419 and harvested 42 dpi.

Average nodule number/plant

Strain

M. truncatula
A17

M. truncatula cv.
Jemalong

M. sativa cv.
Sceptre

Sm1021

17.3a

15.2a

5.3

SU47

16.6a

14.1a

4.7

Rm8530

18.3a

14.6a

5.9

WSM1022

5.8b

5.7b

5.4

WSM419

5.9b

6.3b

5.2

* Letters designate groupings from LSD tests. Strains on the same host which share a letter
are not significantly different (P<0.05)
#
Nodule number for M. sativa cv. Sceptre not significantly for all strains tested.

3.3.3 Mobilisation of pJNexpR into Sm1021
To confirm that the reduced effectiveness of Rm8530 was due to the presence of an
intact expR and not to other genetic change(s) induced in the strain at the same time or
after the spontaneous excision of ISRm2011-1, a complementation of Sm1021 with
expR from Rm8530 was performed. The mating of E. coli S17.1 carrying the pJNexpR
plasmid with Sm1021 resulted in the production of mucoid colonies, hereafter referred
to as Sm1021(pJNexpR). Both Sm1021(pJNexpR) and Rm8530 cultures were
noticeably mucoid in comparison to the dry Sm1021. In addition, Sm1021(pJNexpR)
acquired GmR. Screening of the putative Sm1021(pJNexpR) isolate from selective TY
(Gm) plates via PCR of mucoid colonies using the araC2129F and expR3275R primer
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pair confirmed the presence of the expected 1.2 kbp product at both MgCl2
concentrations tested (Figure 3.7). No products of any size were visualised in either
Sm1021 or Rm8530 samples at a MgCl2 concentration of 1.0 mM (Figure 3.7, lanes 1
and 2). The formation of non-specific products was evident in the Sm1021 sample at a
MgCl2 concentration of 1.5 mM. (Figure 3.7, lane 5). Thus, subsequent reactions with
this primer pair used a MgCl2 concentration of 1.0 mM.
Lane

1

2

3

4

5

6

7

8

MW
marker
(bp)
10 000
8 000
6 000
5 000
4 000
3 000
2 500
2 000
1 500
1 000
750
500
250/253

Figure 3.7 – Photograph of agarose gel electrophoresis of PCR products using the
araC2129F and expR3275R primer pair. Lanes 1-3 [Sm1021, Rm8530 and
Sm1021(pJNexpR), respectively] are reactions conducted with 1.0 mM MgCl2 and 5-7
[Sm1021, Sm1021(pJNexpR) and Rm8530] respectively were 1.5 mM MgCl2. Lane 8
contains no DNA (negative control, 1.0 mM MgCl2). 1 kbp (Promega) MW marker (Lane 4)
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3.3.4 Effectiveness of expR complemented Sm1021 with M. truncatula and M.
sativa.
Consistent with previous results (Figure 3.6), Rm8530 (carrying an intact expR)
produced lower shoot dry weights on A17 in comparison to Sm1021 (expR- strain) on
this host (P<0.05, Figure 3.8). Similarly, the complemented strain Sm1021(pJNexpR)
produced lower shoot dry weight on A17 compared to Sm1021 (P<0.05) but greater
than Rm8530 (P<0.05, Figure 3.8). No difference in shoot dry weight produced was
observed when strains Sm1021, Rm8530 or Sm1021(pJNexpR) were inoculated
separately onto M. sativa cv. Sceptre (Figure 3.8). Pot fungal contamination was absent
from the N-fed controls, so dry weight data were included (Figure 3.8). Nodule counts
per plant showed no significant difference on either host (Table 3.3).

Figure 3.8 – Mean shoot dry weight of plants grown for 42 days. Plants were either
uninoculated (■), or inoculated with Rm8530 (■), Sm1021(pJNexpR) (■), Sm1021 (■),or
uninoculated and fed N (as KNO3(aq); ■). Treatments which share a letter within the host
species are not significantly different according to post hoc LSD test (P<0.05).

84

Chapter 3
Table 3.3 – Average number of nodules per plant of M. truncatula A17 and M. sativa cv.
Sceptre inoculated separately with Sm1021, Rm8530 or Sm1021(pJNexpR) and harvested
after 42 days.

Average nodule number/plant*

Strain

M. truncatula A17

M. sativa cv. Sceptre

Sm1021

15.5

6.8

Rm8530

14.9

5.3

Sm1021
(pJNexpR)

14.1

5.2

* Nodule numbers were not significantly different (P<0.05) for strains on the same host.

3.3.5 Nodule isolation and identification of Sm1021(pJNexpR)
Assessment of streak plates of isolations made from nodules of M. truncatula A17 and
M. sativa inoculated with Sm1021(pJNexpR) revealed that both dry and mucoid colony
types were present. Streaks of isolations on non-selective half-LA made from M.
truncatula nodules yielded four plates with a mixture of dry and mucoid colonies and
two plates with only mucoid colonies. The companion selective half-LA plates (Sm.
Gm) revealed mucoid colonies, but no dry colonies. Similarly, on non-selective halfLA, M. sativa nodules yielded two plates with a mixture of dry and mucoid colonies,
three plates with only mucoid colonies, one of only dry and one plate of mucoid
colonies, with companion selective (Sm, Gm) plates yielding only mucoid colonies.
Quantification of the proportions of dry versus mucoid colonies present in a given
nodule revealed that this varied between nodules (Table 3.4). Most nodules contained a
mixture of both colony types, with only one nodule from M. sativa showing exclusively
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dry colonies and one nodule from M. truncatula possessing only mucoid colonies
(Table 3.4).
Table 3.4 – Percentage of mucoid and dry colony types isolated from nodules of M.
truncatula A17 and M. sativa cv. Sceptre inoculated with Sm1021expR. Counts were
performed on Half-LA medium in the absence of antibiotics. Six nodules were randomly
selected from separate M. truncatula and four from M. sativa.

M. truncatula A17

M. sativa cv. Sceptre

Nodule
ID
number

Mucoid

Dry

Mucoid

Dry

1

68%

32%

64%

36%

2

58%

42%

62%

38%

3

59%

41%

50%

50%

4

57%

43%

0

100%

5

88%

12%

6

100%

0

All dry colonies were GmS and all mucoid colonies were GmR. To confirm that this
resistance was due to the presence of pJNexpR, confirmation PCR was conducted with
the araC2129F and expR3275R primer pair.

All mucoid colonies generated the

expected 1.2 kbp band, whereas no PCR products were present in all dry colonies tested
(Figure 3.9).
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Lane
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Figure 3.9 – Photographs of agarose gel electrophoresis of cell cultures using the arac2129F
and expR3275R primer pair on gummy and dry colony isolates from nodule crushes of
plants inoculated with 1021expR. (a) PCR products of dry colony isolates (Lanes 1-7, 9-11)
and Sm1021 (Lane 12), Rm8530(Lane 13), 1021expR (Lane14), no DNA control (lane 15),
Promega 1kbp MW marker (Lane 8). (b) PCR products of gummy colony isolates (Lanes 17, 9-11) and Sm1021 (Lane 12), Rm8530(Lane 13), Sm1021(pJNexpR) (Lane14), no DNA
control (lane 15), 1Kbp (Promega) MW marker (Lane 8).
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3.4 Discussion

3.4.1 Colony morphology, Calcofluor and expR
Rm8530, containing an intact expR, was visibly mucoid on all three media tested and
essentially indistinguishable from S. meliloti WSM1022, a highly effective symbiont
with M. truncatula A17 (See section 2.3.1). S. medicae WSM419 was as mucoid on
these same media, but also exhibited a characteristic “doughnut” colony morphology on
half-LA and distinctive “serpentine” banding on YMA. Both of these morphologies
have been noted previously and seem to be characteristic of many S. medicae strains
(Garau et al., 2005; Howieson et al., 1988) Interestingly, no such characteristics were
discernible when WSM419 was grown on TY medium.

In contrast, both Sm1021 and SU47 exhibited a dry colony morphology. Like its
derivative Sm1021 (Meade et al., 1982), SU47 has been shown to possess an identical
interrupted expR (Pellock et al., 2002). The IS which interrupts expR in Sm1021
(ISRm2011-1) is a member of the ISRm1 family of IS elements (Pellock et al., 2002).
According to the full genome sequence, there are nine copies of this IS in the Sm1021
genome (GenBank accession NC_003047.1). Pellock and co-workers (2002) found
eight and seven copies of ISRm2011-1 in Sm1021 and Rm8530, respectively. The
discrepancy between the number of ISRm2011-1 elements present from the genome
sequence of Sm1021 and the results of the Southern blot analysis of Pellock et al.
(2002) is probably due to an underestimation of the number of IS elements in the latter
work. This can occur if two fragments from different loci in the Sm1021 genome are of
equivalent sizes – they would not be separated by standard agarose gel electrophoresis
and both fragments would be visualised as only one. To confirm that no other loss of IS
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elements has occurred between the sequenced isolate of Sm1021 and that of Pellock et
al. (2002), primers could be designed using the genome sequence and used to amplify
the region flanking each of the nine IS elements in the Pellock isolate and confirm their
presence. There are no data available on the total number of IS elements present in the
genome of SU47, although the location of the IS in expR and the dry phenotype of this
strain suggests that SU47 was either originally isolated as a dry colony or that it
developed this phenomenon at some point thereafter.

Vincent (1941) used YMA containing Congo Red to isolate SU47 as a contraindication
for the presence of rhizobia – generally, these organisms were observed to absorb the
dye weakly, as opposed to other soil bacteria which absorbed the dye strongly (Vincent,
1970). Here, SU47 yielded cream-coloured colonies on CR-YMA, as did the derivatives
Sm1021 and Rm7210.

The inclusion of a functional expR in Rm8530 and

Sm1021(pJNexpR) had no effect on colony colour.

In contrast, WSM1022 and

WSM419 produced light-pink and dark-pink colonies, respectively. The variable nature
of colony colouration of these strains in the presence of Congo Red is supported by the
work of Kneen and LaRue (1983) who demonstrated that the colony colours of 32
strains of Rhizobium spp. grown on Congo Red-containing media were highly variable,
ranging from deep red to almost white, with the one R. meliloti isolate in the study
yielding a light pink colouration. Subsequent work showed that in Rhizobium and
Sinorhizobium strains, Congo Red uptake was related to the cellulose content in the
bacterial capsule (Zevenhuizen et al., 1986).

Growth on Calcofluor-containing plates demonstrated that all strains, except for
Rm7210, fluoresced under UV light. Calcofluor has been demonstrated to bind to
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succinoglycan produced by Sinorhizbobium spp. (Glazebrook & Walker, 1989; Leigh et
al., 1985). The results for Sm1021, Rm8530, SU47 and Rm7210 agree with previously
published observations (Glazebrook & Walker, 1989). The fluorescence of WSM419
has been noted previously, with this strain known to produce succinoglycan (VivasMarfisi, 2001). Fluorescence of S. meliloti WSM1022 grown on Calcofluor-containing
plates suggests that this strain could also produce a form of the exopolysaccharide
succinoglycan.

3.4.2 Effectiveness of Rm8530 and Sm1021(pJNexpR) on M. truncatula
Rm8530 exhibited a reduced effectiveness of N2 fixation on M. truncatula cv. Jemalong
and the model accession M. truncatula A17, compared to the parent strain Sm1021.
The most obvious candidate to explain these observations is the intact expR in Rm8530
– that its inclusion somehow reduces the effectiveness of N2 fixation by this strain.
However, as the production of Rm8530 was spontaneous, other possible genetic
changes during or after the mutation from Sm1021 to the mucoid Rm8530 may be
responsible for the reduced effectiveness. Therefore, Sm1021 and Rm8530 should not
be assumed to be isogenic except for expR, although this assumption has been made in
the literature (Glenn et al., 2007). The fact that there was no difference in shoot dry
matter production or nodule number between Sm1021 and Rm8530 on M. sativa
indicates that a functional expR (or other possible genetic changes) has no inhibitory
symbiotic role on this host and also agrees with other published observations of the
effectiveness of Rm8530 on this host (Glazebrook & Walker, 1989).

Complementation of Sm1021 with the cloned expR region from Rm8530 demonstrated
a reduction in effectiveness in the resultant Sm1021(pJNexpR) strain on M. truncatula
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A17, again with no difference in effectiveness observed on M. sativa. This strongly
indicates that the inclusion of a functional expR in Sm1021 reduces its effectiveness on
M. truncatula and that a functional expR in Rm8530 is the cause of the reduced
effectiveness of N2 fixation on this host. To date, this direct role for expR in symbiosis
has not been reported for any strain.

The reduction in effectiveness in the complemented Sm1021(pJNexpR) strain was not
to the same level as the reduction by the Rm8530 strain, as M. truncatula A17
inoculated with Sm1021(pJNexpR) showed significantly higher dry weights than when
Rm8530 was inoculated onto this host. Nodule crushes revealed a range of mucoid and
dry colony types, which were confirmed to be due to pJNexpR-carrying isolates, or
isolates devoid of the plasmid, respectively, indicating that the construct was being lost
at some stage during symbiosis.

The parent plasmid of pJN105, pBBR1MCS, is

maintained without appreciable loss of resistance in vitro in Brucella cells after five
serial passages without antibiotic selection over ten days (Elzer et al., 1995). Although
the plasmid is able to replicate in Sm2011 and is known to be stable in E. coli in the
absence of antibiotic selection (Antoine & Locht, 1992), quantitation of its stability in
these organisms has not been reported.

Nevertheless, its loss during infection of the

two hosts tested here suggests that the plasmid is not stable in Sm1021 during
symbiosis. Presumably loss of the plasmid could have occurred at any point from initial
infection through to development of the N2-fixing nodule, and this effectively random
plasmid loss could account for the range in plasmid-carrying and plasmid-devoid nodule
occupants.
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The number of copies of expR carried by Rm8530 and Sm1021(pJNexpR) differs
between these two strains. Rm8530 presumably has only one copy of expR per cell.
The pJNexpR construct, a pBBR derivative (Newman & Fuqua, 1999; Kovach et al.,
1995), has a low copy number of approximately ten copies per cell in Brucella (Elzer et
al., 1994) and presumably similar numbers in rhizobia. Although the complemented
strain could have as many as ten times the number of copies of expR, this does not seem
to have had any discernible influence on the data obtained in this work. Therefore, it is
likely that the addition of expR to Sm1021 reduces its effectiveness on M. truncatula
A17.

3.4.3 Effectiveness of SU47 on M. truncatula accessions
M. truncatula A17 is a single seed descendant of Jemalong and is the reference line for
the current sequencing effort (Young et al., 2005). SU47, the parent strain of Sm1021,
was more effective on the model M. truncatula A17 than Sm1021, but there was no
difference in effectiveness with either strain on M. truncatula cv. Jemalong. This
suggests that SU47 may carry traits which are better suited to symbiosis with M.
truncatula A17 than Sm1021 (i.e., traits which may have been lost by Sm1021) and that
these traits may not be required with M. truncatula cv. Jemalong. No differences in the
N2 fixation ability of Sm1021 and SU47 have previously been reported, but Wais et al.
(2002) have shown that Sm2011 and Sm1021 respond differently to M. truncatula root
hairs. In particular, Sm1021 cells were able to induce Ca2+ spiking in M. truncatula
root hair cells faster than Sm2011. Sm1021 cells could do so whether or not they were
pre-incubated with plant-derived inducers, whereas Sm2011 required pre-incubation,
and β-glucuronidase expression of a nodF transcriptional fusion showed that the gene
was expressed greater than four-fold higher in Sm1021 than in Sm2011 (Wais et al.,
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2002). The range of changes noted after Sm1021 and Sm2011 have been separated by
25 years of culturing and growth in different laboratories (Wais et al., 2002), suggests
that genetic changes resulting in symbiotic differences between Sm1021 and SU47
could also have accumulated since the original isolation of SU47 (Vincent, 1941) and
the identification of Sm1021 (Meade et al., 1982).

Host genetic changes may also be important factors in explaining these observed
differences in N2 fixation effectiveness, as recent research has indicated that M.
truncatula A17 carries a reciprocal translocation between chromosomes four and eight,
which results in the semi-sterility of pollen in hybrids (Kamphuis et al., 2007). In their
analysis of a number of M. truncatula accessions, Kamphuis et al. (2007) did not test
the fertility of pollen from A17 and Jemalong crosses, but M. truncatula A17 is a
single-seed descendant of M. truncatula cv. Jemalong.

The effect on symbiotic

performance of this chromosomal rearrangement is unknown, however, if it proves to
be absent from the genome of M. truncatula cv. Jemalong (and therefore having arisen
in the genome of A17), it is possible that the chromosomal rearrangement may also
have some role in N2 fixation effectiveness.

3.4.4 The role of expR in Rm8530
ExpR regulates the synthesis of galactoglucan in S. meliloti Rm8530 (Pellock et al.,
2002). Evidence suggests that in Rm8530, galactoglucan production is also linked to
quorum sensing.

Quorum sensing is a means of population density-dependent

regulation of gene expression (González & Marketon, 2003). In Rm8530, disruption of
sinI (which encodes a N-acyl homoserine lactone (AHL) synthase) or sinR, (which
encodes a transcriptional regulator) resulted in a dry colony phenotype (Marketon et al.,
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2003). In the presence of AHL signals produced by the Sin quorum sensing system
(Marketon et al., 2003), expression of the exp genes is up-regulated, resulting in the
production of galactoglucan (Becker et al., 1997) (Figure 3.11a). Although the Sin
system in Rm8530 and Sm1021 produces a series of AHLs of varying acyl chain
lengths, ranging from C12 to C18 (Marketon et al., 2002), recent evidence has
demonstrated that synthetic AHLs of chain length C6 to C20 can bind to ExpR and are
able to activate the DNA-binding capacity of this protein (Bartels et al., 2007). In
Sm1021, where there is no functional expR (Pellock et al., 2002), the exp genes are not
transcribed and galactoglucan is not produced under standard laboratory conditions
(Marketon et al., 2003) (Figure 3.11b). AHLs are still produced in Sm1021 but their
role remains unclear, although disruption of sinI or sinR in this strain resulted in an
apparent reduction in nodule number and a delay in pink nodules being observed in M.
sativa (Marketon et al., 2002).

The role of expR in other organisms is currently

unknown but recent work with WSM419 suggests that expR also functions in the
production of a mucilaginous EPS, as the disruption of expR in this strain yields a dry
colony phenotype (W. Lee, pers. comm.).

Recent work has begun to expand the potential role of the ExpR/Sin system in Rm8530.
Microarray analysis of expR, sinI and sinR mutants (and double mutants of these genes)
in Rm8530 (expR+) and Sm1021 (expR-) backgrounds demonstrated that more than 200
genes were differentially regulated by the Exp/Sin system, with targets including genes
known to be involved in N2 fixation, metal transport and metabolism (Hoang et al.,
2004). Additional microarray analysis of Rm8530 and Sm1021 revealed a link between
the exo genes responsible for succinoglycan production (Leigh et al., 1985) and
ExpR/Sin (Glenn et al., 2007). Two genes were significantly (> 4-fold) up-regulated in
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Rm8530 compared to the expR-deficient Sm1021 strain - exsH (encoding endo-1,3-1,4β-glycanase) and exoI, (a putative periplasmic protein). An Rm8530 sinI null mutant
showed an approximate 4-fold decrease in expression of six other exo genes (exoK,
exoL, exoA, exoO, exoH and exoN) (Glenn et al., 2007), indicating a possible regulatory
role for SinI and ExpR. Quantification of succinoglycan production in the Rm8530 sinI
null mutant showed that there was a five-fold decrease in the amount of succinoglycan
produced (normalised to protein content) in this strain, compared to Rm8530 (Glenn et
al., 2007). Thus, as well as being critical for the production of galactoglucan, expR and
sinI seem to be involved in the synthesis of succinoglycan and expression of other gene
targets in Rm8530.

3.4.5 Rm8530 and symbiosis
There are a number of possibilities to explain the reduced shoot dry weights produced
when Sm1021 (carrying a functional expR), was inoculated onto M. truncatula A17 and
M. truncatula cv. Jemalong (sections 3.3.2 and 3.3.4). A key point to note is that from
the few strains for which EPS composition has been determined, EPS structure and
function can be greatly influenced by growth conditions (Becker & Pühler, 1998). For
example, the EPS profile of Sm1021 alters with changing phosphate conditions
(Mendrygal & González, 2000; Zhan et al., 1991). Work with other Sinorhizobium spp.
has detailed how the increase in NaCl concentration in media can switch S. meliloti
strain YE-2SL from producing predominantly galactoglucan to mainly succinoglycan
(Zevenhuizen, 1997) and how increasing Ca2+ concentration in medium from 1 mM to 3
mM can increase production of succinoglycan in WSM419 by approximately 40%
(Vivas-Marfisi, 2001). In addition, EPS isolated from WSM419 exhibits a reduced
degree of substitution of acetyl and pyruvyl (but not succinyl) groups, depending on
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Figure 3.11 – The interaction of ExpR with the products of the Sin quorum sensing system in S. meliloti Rm8530 and Sm1021. In Rm8530
(a), ExpR from the functional expR gene, interacts with C16-AHLs produced by SinI and targets the exp genes, resulting in the production
of galactoglucan. Possible roles for ExpR (implied from microarray data) and long and short-chain AHLs (from Bartels et al., 2007) are
denoted by broken arrows. Solid arrows indicate interactions demonstrated through proof-of-function studies. In Sm1021(b), expR is
interrupted by an insertion sequence and no ExpR is produced, but SinI and SinR are functional and produce AHLs, the roles of which are
not currently known.
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whether the strain is grown at pH 5.8 or pH 7.0 (Dilworth et al., 1999). How EPS
changes with alterations in carbon, nitrogen or other minerals is as yet largely unknown,
but clearly from the limited information already available there are variations in EPS
structure and the quantities in which it is produced and it should not be viewed as an
inflexible strain characteristic.

A number of hypotheses have been proposed to account for the role of EPS in symbiosis
(D'Haeze & Holsters, 2004; Fraysse et al., 2003), but some of the firmest evidence for
their role was from Pellock and co-workers (2000) who demonstrated that the
proficiency of infection and elongation of infection threads was greater for
succinoglycan-producing Sm1021 than for the succinoglycan-deficient Rm9000 (which
produced galactoglucan). Specifically, Rm9000 (expR+, exoY210::Tn5) carrying a gfpexpressing plasmid, colonised less M. sativa curled root hairs and initiated and extended
less infection threads in this host, compared to Sm1021 carrying the same gfp plasmid
(Pellock et al., 2000). The mode by which succinoglycan is able to accomplish this in
Sm1021 is not currently understood, but could be due to cytoskeletal remodelling or
evading the plant defence response more effectively (Pellock et al., 2000).

A recent study by Simsek and et al. (2007) has revealed a correlation between the molar
ratio of pyruvate, acetate and succinate and the presence or absence of malate in LMW
succinoglycan produced by four strains of S. meliloti (including Sm1021) and the ability
of these strains to nodulate and fix N2 with either M. truncatula A17 or the genetically
distinct M. truncatula A20. A biochemical and molecular demonstration of how such a
situation could arise would enable a better understanding of the function of EPS in
symbiosis.
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Nevertheless, a number of possibilities to explain the phenomenon of expR in Rm8530
and Sm1021 on M. truncatula can be advanced. The simplest possibility is that along
with its role as a positive regulator of galactoglucan production, expR may function as a
negative regulator in Rm8530 and suppress a gene(s) essential for symbiosis in M.
truncatula, but not critical in M. sativa. At least one case is known where a gene (i.e.
syrM) is essential for symbiosis with M. truncatula, but its absence results in no
observable change in nodulation and/or N2 fixation on M. sativa (Smith & Long, 1998).
Rm8530 is the only strain which has been confirmed through structural analysis to
produce galactoglucan (Pellock et al., 2000; Her et al., 1990; Glazebrook & Walker,
1989). Whether strains which are effective for N2 fixation (such as WSM419 and
WSM1022) produce an EPS of the same or similar structure is not known. It may be
that galactoglucan is a critical factor in symbiosis and that the quantity, structure and/or
regulation of its production by Rm8530 compromises symbiosis with M. truncatula. In
order to answer this, the EPS composition of more strains needs to be determined, in
particular for known effective strains such as S. medicae WSM419 and S. meliloti
WSM1022.
Given the link between ExpR and succinoglycan and that changes in N2 fixation
effectiveness on M. truncatula can be induced by supplying succinoglycan of varying
structure (Simsek et al., 2007), it is possible that the inclusion of expR could result in an
altered structure of succinoglycan. ExpR in Rm8530 may drive expression of genes
otherwise silent in Sm1021, and thereby alter the structure of succinoglycan produced.
This hypothetical modified succinoglycan may not be of the necessary structure for
recognition by M. truncatula A17, resulting in the establishment of a symbiosis which is
severely compromised in terms of N2 fixation and hence plant growth. Comparison of
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the detailed structures of succinoglycan produced by Sm1021 and Rm8530 could
resolve this issue; detailed structures of succinoglycan produced by WSM419 and
WSM1022 would also be highly informative.

3.4.6 Concluding remarks
Exopolysaccharide production is a relatively easy morphological trait to visually assess,
but our understanding of its regulation, structure and function in microbes is still in its
early stages and significant work remains to be done. A greater understanding of its role
in symbiosis will probably require the determination of the chemical structure of more
EPS polymers from different rhizobial strains. The results presented here (1) implicate
expR in regulating the effectiveness of N2 fixation in M. truncatula with Rm8530 and
(2) support the emerging view of the role of ExpR as an important central regulator of a
wide variety of cellular and symbiotic processes. In future, a transcriptomic comparison
of the ExpR regulon in WSM419 (intact expR), Sm1021 (disrupted expR) and Rm8530
(intact expR) would contribute greatly to understanding whether this function of this
protein varies between different rhizobia.
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Investigation of timing of nodulation in M. truncatula
and M. sativa inoculated with Sm1021 and WSM419

Chapter 4
4.1 Introduction

The effectiveness of the model M. truncatula-Sm1021 symbiosis is poorly matched for
N2 fixation compared to two other strains (WSM419 and WSM1022) on this host
(Chapter 2), suggesting that one or more factors are at play in the M. truncatulaSm1021 interaction which preclude the establishment of an effective partnership. The
development of a root nodule, its growth and maintenance, are multi-step processes
requiring coordinated, chemically-mediated communication between host and
microsymbiont (Hadri et al., 1998) (Section 1.3). The reasons for the lower
effectiveness of N2 fixation in the M. truncatula-Sm1021 symbiosis could apply at any
number of stages in this process, from the initial colonisation of the rhizosphere to
bacteroid senescence. At present, the conditions which underpin suboptimal N2 fixation
have received little attention. In order to narrow the focus of potential targets for future
investigation, it was necessary to attain a greater understanding of precisely where in the
symbiotic process the first signs of a poorly effective partnership were evident.

The features noted as being distinctive of the M. truncatula-Sm1021 symbiosis are an
increased number of nodules, a different nodule morphology and a wider distribution of
nodules over the root system, compared to effective systems analysed (Chapter 2).
Similar nodulation data have been reported in cases of ineffective nodulation (Frederick,
1978; Mishustin & Shil'nikova, 1971) or where N2 fixation was compromised due to Co
or Mo deficiency (Riley & Dilworth, 1982; Anderson & Spencer, 1950). To investigate
the causes of these distinctive features of nodulation in M. truncatula-Sm1021, the
timing of nodulation and the structure of nodules formed in other symbioses (M. sativa-

101

Chapter 4
Sm1021, M. truncatula-WSM419, M. sativa-WSM419) were compared with those for
M. truncatula-Sm1021.
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4.2 Materials and Methods

4.2.1 Bacterial strains, media and plant accessions
As per sections 2.2.1 and 3.2.1.

4.2.2 Measurement of bacterial growth curves
Two separate 5 mL starter cultures of Sm1021 and WSM419 were grown in TY broth
(Beringer, 1974) at 28˚C for three days at 200 rpm on a G10 gyratory shaker (New
Brunswick Scientific). From these cultures, six flasks each containing 50 mL of TY
broth (three per strain) were inoculated to an OD600 of 0.05 and placed at 28˚C shaking
at 200 rpm. A 1 mL aliquot was aseptically removed from each culture every two
hours. A 100 µL sub-sample of each aliquot was serially diluted to 1:10 to 10-7 with
sterile 0.89% (w/v) saline for viable cell counts and the remainder was used for OD600
measurements. A 25 µL sample of each dilution was plated onto TY agar, incubated at
28˚C for three days and then colony counts were recorded.

4.2.3 Glasshouse experimental design
Glasshouse experiments were completely randomised with 3 replications per treatment.
Each pot was initially sown with six plants of either M. truncatula A17 (SA37443) or
M. sativa cv. Sceptre and thinned to four plants after two weeks. Six harvests were
conducted [at 5, 7, 10, 14, 21 and 42 days post-inoculation (dpi)]; at each harvest, three
pots of M. truncatula and M. sativa from each treatment were harvested.
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4.2.4 Experiments to compare timing and nodule morphology
Details of experimental set-up and maintenance are as per Section 2.2.3, except that
inoculation of plants was performed with cultures grown in TY broth. Cultures of
Sm1021 and WSM419 were prepared by sub-culturing separate 3 day TY broth cultures
of these strains into separate 250 mL TY broths and incubating at˚C
28with shaking
until OD600 ≈ 0.5. A 1 mL aliquot of the culture was directly added to the seedlings and
a further 1 mL aliquot was used for enumeration of viable cell number. For Sm1021
and WSM419, 3.7 x 108 cells and 4.2 x 108 cells were added to each seedling,
respectively. The uninoculated negative control plants received 1 mL of sterile fresh TY
broth.

At each harvest, nodule number was counted and nodule morphology noted. One plant
from each pot of a treatment was selected and nodules were excised and fixed overnight
at 4˚C in glutaraldehyde solution [3 % (v/v) glutaraldehyde in 25 mM phosphate buffer
(pH 7.0)] in preparation for nodule sectioning. The remaining plants from each pot
were cut at the hypocotyl and the roots were placed into a fixative solution of a 3:1 mix
of absolute ethanol:7% (v/v) acetic acid and stored at˚C4 for later staining of nodule
initials.

4.2.5 Nodule sectioning, nodule initial staining and light microscopy
Fixed material was washed using three changes of 25 mM phosphate buffer (pH 7.0).
The samples were dehydrated in a rotator using a series of acetone solutions (v/v: 30%,
50%, 70%, 90% and 100%) at 4˚ C, with two changes of each solution, each of 15 min
duration. Dehydrated samples were infiltrated with Spurr’s resin (Spurr, 1969) mixed
with acetone using an increasing succession of concentrations (v/v: 5%, 10%, 15%,
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20%, 30%, 40%, 50%, 70% and 90%). The material was left in each solution for a
minimum of 2 h. Infiltrated material was transferred into 100% Spurr’s resin, left at
room temperature for 1–2 h and then transferred into fresh 100% Spurr’s resin for 5–8 h
at room temperature or left overnight at ˚4 C. Finally, in order to obtain good
polymerisation, the material was embedded in fresh Spurr’s resin at 60˚C for 24 h. For
light microscopy, 1 µm sections were cut using a Reichert-Jung 2050 microtome with a
glass knife. Sections were dried onto glass slides at 60˚C and stained with 1% (w/v)
methylene blue and 1% (w/v) azur II in 1% (w/v) sodium tetraborate (Richardson et al.,
1960) for 3–5 min at room temperature. Stained sections were rinsed in water then
dried. The specimens were examined under an Olympus BX51 compound microscope
and photographed with an Olympus DP70 digital camera.

To stain for nodule initials, the method of O’Hara et al. (1988) was used. Roots were
transferred from absolute ethanol:7% (v/v) acetic acid fixative solution to a solution of
10% (w/v) KOH for approximately 1.5 h. Roots were then rinsed thoroughly with
copious amounts of tap water and acidified with 0.25 M HCl for 5 min after which they
were transferred to a 0.1 % (w/v) solution of Brilliant Green stain (No C086, ProSci
Tech, Australia) for 30 min and then destained overnight in tap water. Specimens were
examined under an Olympus SZX7 dissection microscope. Nodules were distinguished
from nodule initials by size, with nodules being clearly visible with the naked eye as
swellings distorting the root and nodule initials requiring microscopic examination.
Nodule initials were distinguished from lateral root initials by shape, as nodule initials
are spherical and originate from the inner cortex, whilst lateral root initials are conical
with an origin within the pericycle (Cheng et al., 2003).

Nodule initials were
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photographed under an Olympus BX51 compound microscope with an Olympus DP70
digital camera.

4.2.6 Statistical Analysis
Nodule number data were analysed with a three-way factorial analysis of variance
(ANOVA), with factors of host (M. truncatula, M. sativa), strain (Sm1021,WSM419)
and harvest (1-6) and a dependent variable of nodule number using the computer
package Statistica version 5.2 (Statsoft). Data were heteroscedastic, and were corrected
via log10 transformation before analysis. Where effects or interactions were found to be
significant, they were further explored using the Least Significant Difference (LSD) test
(P < 0.05).
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4.3 Results

4.3.1 Growth curve of Sm1021 and WSM419 in TY broth
To ensure plants were inoculated with equivalent numbers of bacteria at a given culture
OD600, growth curves were constructed for Sm1021 and WSM419.

Both strains

demonstrated an increase in OD600 in TY broth over 96 h (Figure 4.1). The OD600 of the
cultures where an increase in absorbance ceased was higher for Sm1021 than for
WSM419, being 3.7 and 2.1 respectively (Figure 4.1).

Figure 4.1 – OD600 readings of one culture each of Sm1021 and WSM419 grown in TY
broth at 28˚C for 96 h. Cultures were inoculated with a loop of a pure TY agar plate culture
of the strain.
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Figure 4.2 – Plot of culture OD600 versus log10(viable cell count) of TY broth cultures
inoculated separately with (a) Sm1021 and (b) WSM419 at a starting OD of 0.05 over 10 h.
Three replicate cultures were performed (from the same initial inoculated broth) with
averages plotted here. Each point represents viable cell counts and OD600 values taken every
2 h from the time of inoculation until 10 h. Cell count at OD 0.5 is shown with dotted lines
in each figure (4.5 x 108 and 3.7 x 108 cells mL-1 for Sm1021 and WSM419, respectively).

A comparison of viable cell number against culture OD600 for both strains in TY broth
revealed a small difference in cell number between the two strains at an OD600 of 0.5:
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Sm1021 was 4.5 x 108 cells mL-1 and WSM419 gave 3.7 x 108 cells mL-1, respectively
(Figure 4.2). Therefore, inoculation of host plants with cultures of Sm1021 and
WSM419 at an OD600 of 0.5 would result in plants receiving approximately equivalent
numbers of bacteria.

4.3.2 Comparison of timing of nodulation
Viable cell counts of cultures used to inoculate M. truncatula and M. sativa seedlings
confirmed both plant species were inoculated with approximately the same number of
bacterial cells; 3.9 x 108 cells for Sm1021 and 3.2 x 108 cells for WSM419.

Brilliant Green staining (Figure 4.3) of roots collected at each harvest revealed nodule
initials in roots of M. sativa inoculated with WSM419 and Sm1021 at 7 days postinoculation (dpi) (Figure 4.4). Likewise, nodule initials on M. truncatula inoculated
with WSM419 were present at 7 dpi, but not when this host was inoculated with
Sm1021 (Figure 4.4). The first nodule initials on M. truncatula with Sm1021 were
visible at 10 dpi, with larger numbers being present at 14 dpi (Figure 4.4). At 42 dpi,
nodule initials were detected only on M. truncatula inoculated with Sm1021 (Figure
4.4).
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Figure 4.3 – M. truncatula root inoculated with WSM419, harvested at 10 dpi and stained
with Brilliant Green, at a magnification of 25x. A root nodule is visible (arrow) as is a
nodule initial (asterisk).

Figure 4.4 – Number of nodule initials at 5, 7, 10, 14, 21 and 42 dpi on roots of M.
truncatula inoculated with Sm1021 (■) or WSM419 (●) and on M. sativa inoculated with
Sm1021 (□) or WSM419 ○( ). Values represent the average of nine plants from three
replicate pots.
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Nodules were visible at 14 dpi in the case of M. truncatula inoculated with Sm1021,
whereas nodules were visible at 10 dpi on the other symbioses assessed (Table 4.1),
consistent with the delay observed in the appearance of nodule initials (Figure 4.4). In
addition, nodule number between 21 and 42 dpi more than trebled in the Sm1021-M.
truncatula symbiosis, whilst increasing by slightly more than double in the other
symbiotic partnerships (Table 4.1).

Table 4.1 – Average number of nodules of M. truncatula A17 and M. sativa cv. Sceptre
inoculated separately with strains Sm1021 or WSM419. Figures represent the average of 12
plants across three replicate pots. Values which share a letter within a harvest are not
significantly different (P< 0.05).

Average No nodules/plant
Strain

Host
Days post-inoculation (dpi)

Sm1021

WSM419

5

7

10

14

21

42

M. truncatula

0

0

0a

3.2b

4.7c

14.9b

M. sativa

0

0

0.83c

1.8a

3.8bc

6.1a

M. truncatula

0

0

0.33b

1.7a

2.8ab

5.8a

M. sativa

0

0

0.25a

1.8a

2.3a

5.2a
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4.3.3 Nodule sections and light microscopy
Observations of nodule sections from M. truncatula and M. sativa inoculated with either
Sm1021 or WSM419 revealed plant cells containing bacteroids (Figures 4.4-4.9). On
M. truncatula, the density of infected cells in root nodules was lower when this host was
inoculated with Sm1021 than when it was inoculated with WSM419 at 14, 21 and 42
dpi (Figures 4.5, 4.6 and 4.7). At 42 dpi, infected plant cells in the nodules of the
Sm1021-M. truncatula symbiosis showed a marked thickening of the cell wall in some
samples (Figure 4.7). This same phenomenon was not observed in the WSM419-M.
truncatula system (Figure 4.7).

On M. sativa, the nodules generated after inoculation with either Sm1021 or WSM419
displayed very similar morphological traits (Figures 4.8, 4.9 and 4.10). At 14 dpi, M.
sativa revealed a large accumulation of what appeared to be starch granules with both
strains (Figure 4.8).
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M. truncatula

Figure 4.5 – Section photos of nodules from M. truncatula inoculated with Sm1021 (top left and right) and WSM419 (bottom left and right)
harvested 14 dpi.

M. truncatula

Figure 4.6 – Section photos of nodules from M. truncatula inoculated with Sm1021 (top left and right) and WSM419 (bottom left and right)
harvested 21 dpi.

M. truncatula

Figure 4.7 – Section photos of nodules from M. truncatula inoculated with Sm1021 (top left and right) and WSM419 (bottom left and right)
harvested 42 dpi. Thickened cell walls are marked (arrow).

M. sativa

Figure 4.8 – Section photos of nodules from M. sativa inoculated with Sm1021 (top left and right) and WSM419 (bottom left and right) harvested
14 dpi. Possible starch granules are marked (arrow).

M. sativa

Figure 4.9 – Section photos of nodules from M. sativa inoculated with Sm1021 (top left and right) and WSM419 (bottom left and right) harvested
21 dpi.

M. sativa

Figure 4.10 – Section photos of nodules from M. sativa inoculated with Sm1021 (top left and right) and WSM419 (bottom left and right) harvested
42 dpi.

Chapter 4
4.4 Discussion

4.4.1 Inoculant cell numbers
The use of cell numbers of approximately 108 cells plant-1 for inoculation is far in
excess of the minimum number of S. meliloti cells required to nodulate M. sativa and
was chosen to complement cell numbers used in previous experiments (Chapters 2 and
3) and to avoid any issue of inoculum size influencing the results. An inoculum size
below 103 cells plant-1 elicits few nodules on the host plant (Caetano-Anollés & Bauer,
1988a). The number of nodules increases dramatically between 5 x 103 to 5 x 104 cells
plant-1 after which, very little increase in nodule number occurs with increasing
inoculum size (Caetano-Anollés & Bauer, 1988a). Whether the minimum number of
cells required to elicit nodules on M. truncatula is different to M. sativa is not known,
although earlier work by Purchase and Nutman (1957) determined that cell numbers
greater than 104 cells plant-1 inoculated onto Trifolium pratense and M. sativa did not
increase nodule number, indicating that this threshold number may be conserved across
plant species. The choice of OD600 of approximately 0.5 as an inoculum cell density
was made to ensure that bacteria were readily dividing and to reduce the likelihood that
timing differences caused by bacteria moving from stationary phase to growth phase
could be interpreted as a delay in nodulation.

4.4.2 Early nodulation events
Evidence presented here indicates that the appearance of nodule initials on M.
truncatula inoculated with Sm1021 was delayed compared with WSM419 on this host,
yet no difference in timing of nodulation between these strains was evident on M.
sativa. Published data detailing the timing of nodulation of strains is scarce, with no
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known data available for Sm1021. Niehaus et al. (1998) reported M. sativa (cultivar not
reported) to be nodulated 2 days faster than M. truncatula (cultivar not reported) by S.
meliloti Sm2011, an independent SmR isolate of SU47 (Boucher et al., 1977) (Section
1.3.2). In addition, the data presented here agree with that of Cheng et al. (2003) for M.
sativa cv. Aquarius inoculated with WSM419, showing nodule initials at 7 dpi when
plants were inoculated at much lower cell numbers than used here (1.85 x 105 versus 4.2
x 108 cells plant-1).

Sm1021 is clearly capable of eliciting nodule initials on M. sativa at a faster rate than on
M. truncatula, yet no difference in nodulation timing is evident with either M.
truncatula or M. sativa and WSM419. For M. sativa with WSM419 in particular this is
noteworthy as although this symbiosis is only partially effective for N2 fixation, no
abnormal nodulation patterns were evident (Section 2.3).

This suggests that

deficiencies exist in the M. truncatula-Sm1021 symbiosis. Three possibilities to explain
these differences in timing include:
1. Poorer multiplication of Sm1021 and/or colonisation of the roots of M.
truncatula
2. A delay in Sm1021 receiving or processing (i.e. initiating gene transcription)
the signal from M. truncatula
3.

A delayed reception of Sm1021 Nod factor by M. truncatula, compared
with WSM419.

In the first instance, poorer multiplication of Sm1021 in the rhizosphere of M.
truncatula could result in a delay in the appearance of nodules. SU47 is known to be
attracted to luteolin as well as 4', 7 –dihydroxyflavone, 4', 7 – dihydroxyflavanone, and
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4,4'-dihydroxy-2–methoxychalcone (Caetano-Anollés et al., 1988c; Dharmatilake &
Bauer, 1992) and the growth rate of Sm1021 is increased in the presence of M. sativa
seed exudates (Hartwig et al., 1991). Before nodulation can proceed, numbers of
rhizobia presumably must be sufficient to allow the Nod factor which they produce to
reach a sufficient concentration at a localised point, whereby it triggers root-hair
deformation and cortical cell division, allowing bacteria to invade the plant via infection
threads (Oldroyd & Downie, 2004; Hirsch, 1992). The rhizosphere environment of a
particular host is highly variable and can be influenced by a number of factors,
including plant species, age and nutrition (Lucas Garcia et al., 2001; Pinton et al., 2001;
Uren, 2001). Only plant species differed in this experiment so conceivably, the
rhizosphere of M. truncatula could be less suited to the multiplication of Sm1021 than
that of M. sativa. In contrast, WSM419 may be able to respond equally well to M.
truncatula or M. sativa root exudates. The work of Purchase and Nutman (1957)
demonstrated that at an inoculum size greater than 104 cells per plant, bacterial
multiplication in the rhizosphere of T. pratense and M. sativa had no effect on nodule
numbers. Given the high inoculum dose used in this experiment (108 cells per plant), it
is unlikely that differences in rhizosphere multiplication could be the cause of the
observed delay in nodulation.

Prior to establishing a nodule, bacteria must attach to the root hairs of the host plant
(Hirsch, 1992; Bhuvaneswari et al., 1980). Therefore, a delay in the attachment of
Sm1021 to the roots of M. truncatula compared with M. sativa, may be a possible cause
as a delay in attachment could lead to slower development of nodule primordia and
hence a delay in the visible appearance of nodule initials. Deficiencies in any of the
attachment mechanisms of either weak rhicadhesin Ca2+-mediated binding, the
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hypothesised plant lectin-bacterial polysaccharide model or stronger cellulose-mediated
binding (Section 1.3.5) could result in the observed nodulation delay. This scenario
could be investigated by inoculating M. truncatula and M. sativa with Sm1021 and
WSM419 separately and enumerating adhered bacteria using the methods of Mattysse
(1995) or adapting the GFP and DsRed approaches of Gage (2002) and Pellock et al.
(2000).

The second possibility of a delay in signal acquisition and nod gene transcription of
Sm1021 is dependent on plant exudates.

In this scenario, different nod inducing

molecules exuded by M. truncatula and M. sativa could result in a delay in the
perception of the signal and therefore a delay in the production of Nod factor by
Sm1021. A wide variety of plant-released inducers of rhizobial nodulation genes are
known (Cooper, 2007; 2004). Key nod-inducing compounds in the seed rinses of M.
sativa include flavonoids (luteolin and chrysoeriol) and betaines (trigonelline and
stachydrine) whilst the methoxychalcones and flavonones predominate in the root
exudate (Phillips et al., 1994). At present, there are no data available detailing the
composition of M. truncatula root exudates, although it is known that the seed rinses
from this species differ substantially from those of M. sativa, being devoid of flavonoids
and consisting largely of trigonelline (Phillips et al., 1995). Not all nod gene inducers
target the same NodD in Sm1021, with the flavonoids activating NodD1 (Hartwig et al.,
1990b; Peters et al., 1986) and the betaines NodD2 (Phillips, 1992). Whilst numerous
downstream targets of activated NodD1 are known (Capela et al., 2005) how these may
differ to the targets of NodD2 or NodD3 (which has no known plant-derived inducer) is
yet to be determined. Therefore, a different array of nod-inducing molecules produced
by M. truncatula compared to M. sativa may mean that activation of NodD proteins and
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the subsequent activation of Nod factor genes may be delayed. This would explain the
subsequent lag in appearance of nodule initials on M. truncatula with Sm1021, as it is
only after the plant receives the Nod factor that cortical cell division and nodule
development begin (Hadri & Bisseling, 1998). The absence of any such delay in
WSM419 may be due to different signal molecule requirements or Nod factor
production pathways in this strain. A detailed analysis of root exudates of M.
truncatula, their comparison to M. sativa and the elucidation of the NodD2 regulon
could clarify the situation.

A third possibility is that there is a delay in Sm1021 Nod factor perception by M.
truncatula. For this to occur, Nod factor produced by Sm1021 in contact with M.
truncatula would need to be less effective at stimulating a plant host response than that
produced by WSM419 with the same host. The reduced efficacy of Sm1021 Nod factor
compared to WSM419 could be due to structural differences in the molecule or
differences in the quantity of Nod factor produced. If Sm1021 Nod factor produced in
the presence of M. truncatula roots lacked a particular moiety or decoration, then
binding of Nod factor to the plant receptor and the subsequent activation of the plant
response could be delayed, resulting in the slower development of nodule initials. A
structural comparison of Nod factor(s) produced by Sm1021 and WSM419, in contact
separately with M. truncatula and M. sativa, could address this possibility.

The amount of Nod factor produced by Sm1021 in contact with M. truncatula roots is
also a key point to consider. Purified Nod factor is able to induce Ca2+-spiking (the precursor of root hair deformation) in M. truncatula root hairs at concentrations as low as
10-12 M, whilst the Nod factor backbone, consisting solely of four linked N-acetyl
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glucosamine residues, elicited the same response at much higher concentrations (10-510-4 M) (Oldroyd et al., 2001). The quantity of Nod factor produced in situ by rhizobial
populations is not known and may vary from strain to strain and similarly the
requirements of a particular host for Nod factor may differ. It is therefore possible that
WSM419 could produce more Nod factor than Sm1021 in contact with M. truncatula
and facilitate faster nodulation of this host. Further, there may be either no difference in
quantity of Nod factor produced by the strains in contact with M. sativa roots or M.
sativa may have a lower concentration requirement for activation by Nod factor.

4.4.3 Later nodulation events
At 42 dpi, nodule initials were observed in roots of M. truncatula inoculated with
Sm1021, whereas no nodule initials were evident at 42 dpi in the other symbioses
tested. In addition, this symbiotic partnership produced more than 2.5 times the number
of nodules produced by M. truncatula-WSM419 at 42 dpi. This evidence suggests that
nodule number is not being tightly down-regulated in the M. truncatula-Sm1021
symbiosis. Nodule number is known to be a host-derived phenomenon with split-root
experiments demonstrating that an as yet unidentified shoot-derived factor is
responsible for regulation of nodule number (Kinkema et al., 2006; George et al., 1992;
Caetano-Anollés & Bauer, 1988b). Although the mechanism by which this regulation
occurs is not currently understood, the nitrogen feedback model proposed by Parsons et
al. (1993) agrees with currently available data and postulates that an amino acid may be
the cornerstone of the N-feedback mechanism. Nodulation may be stimulated via the
shoot derived factor, if the plant senses a low level of the amino acid in the phloem sap
(Parsons et al., 1993). Conversely, if the amino acid concentration is high in the
phloem, the plant can down regulate nodulation (Parsons et al., 1993). The recent work
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of Lodwig et al. (2003), showing that the plant cycles amino acids through the bacteroid
in order to obtain fixed N, supports this model. Therefore, a threshold of fixed nitrogen
must be reached before the plant begins the down-regulation of nodulation, and in cases
were this threshold is not reached, nodule number continues to increase. Consequently,
plants have high nodule numbers and show signs of poor N2 fixation. It is possible that
in the Sm1021-M. truncatula symbiosis, which has been shown to be a poor symbiotic
partnership from the point of view of N2 fixation (See chapter 2), an insufficient
quantity of N is being fixed and/or being effectively supplied to the host. This would
result in the threshold nitrogen level not being reached and the plant continuing to allow
new infections to proceed in order to attain adequate fixed nitrogen.

Why could the amount of fixed nitrogen available in the Sm1021-M. truncatula
symbiosis be insufficient? A few of the large number of possibilities will be canvassed
here. The lower density of infected plant cells in nodules observed via light microscopy
could be part of the problem and may indicate ramification of the infection thread
through the developing nodule tissue is compromised in some way, so that bacteria are
not effectively deposited in the plant cell to begin differentiation into bacteroids. If this
is the case, the EPS profile of Sm1021 (See chapter 3 and Section 1.4) may play a role,
as it is known that EPS composition affects infection thread development (Pellock et al.,
2000). This possibility could be investigated by tagging Sm1021 and WSM419 with
plasmid-borne fluorescent markers (Gage, 2002; Pellock et al., 2000) so as to compare
rates of infection of M. truncatula root hairs with the strains and ascertain if any
differences in timing exists; co-inoculation of Sm1021 and WSM419 might yield
further insights.
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Another possibility is that N2 is not being fixed effectively in Sm1021 bacteroids in M.
truncatula nodules. This situation could arise during or after the differentiation of
bacteria into bacteroids. In the nodule, bacteria are dependent on the plant for the supply
of carbon and in turn supply fixed nitrogen through amino acid cycling to the plant
(Lodwig et al., 2003). Other chemical exchanges undoubtedly occur and it is possible
that a deficiency in the quantity or identity of these compounds could attenuate bacterial
metabolism and subsequently result in low levels of N2 fixed. The possibility could be
investigated by measuring and comparing the specific activity for N2 fixation of
Sm1021 and WSM419 bacteroids from M. truncatula and M. sativa by the acetylene
reduction assay (Postgate, 1972; Dilworth, 1966).

Finally, nodule senescence could be an important factor. The prominent greencolouration of M. truncatula-Sm1021 nodules at 42 dpi is characteristic of senescing
nodules (Vance, 1983) and is due to the degradation of the heme group in
leghemoglobin (Roponen, 1970). The fact this green colouration is particularly
distinctive in nodules from M. truncatula inoculated with Sm1021 may indicate that
senescence is accelerated in this symbiosis. Indeterminate nodules are known to be
composed of a number of distinctive zones.

These zones represent different

physiological states of bacteria – those which have recently infected plant cells, those
differentiating into bacteroids, those actively fixing, those senescing and intracellular
saprophytes (Timmers et al., 2000; Vasse et al., 1990) (Section 1.3.7). At some point,
N2-fixing bacteroids change and begin to senesce. The trigger for this to occur is
currently not known, but Puppo and colleagues (2005) have proposed that
developmental nodule senescence is triggered by a decrease in the ascorbate-glutathione
antioxidant pool, along with a decrease in the carbon-to-nitrogen ratio inside the nodule.
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Recent transcriptome work has highlighted potential senescence signal transduction
genes in M. truncatula (Van de Velde et al., 2006). If these genes prove to be involved
in a signal cascade in M. truncatula, then they could help to investigate whether
senescence is accelerated with M. truncatula-Sm1021 through a comparison with M.
truncatula-WSM419.

4.4.4 Concluding remarks
Analysis of the timing of nodulation in the M. truncatula-Sm1021 symbiosis and the
comparison with effective symbioses has revealed that nodulation is delayed in the
model system and demonstrated that nodule number is not tightly regulated. Clearly,
the increased number of nodules at 42 dpi and the continued acquisition of new nodules
at this time are added evidence of a lack of regulation of nodule number by the host.
This is most likely due to an insufficient supply of nitrogen by the bacteria to the plant.
Why this is so requires more investigation.

The question remains whether the delay in nodulation for M. truncatula-Sm1021 has
anything to do with the subsequent reduction in shoot dry weights and N-content
reported at 42 dpi. Further analysis of the early events in the molecular dialogue
between host and microsymbiont may be able to begin to answer this question.
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Development of a system to assay the response of the
Sm1021 transcriptome to roots and root exudates of M.
truncatula and M. sativa

Chapter 5
5.1 Introduction

Nodulation of M. truncatula by Sm1021 was delayed compared to nodulation of M.
sativa with this microsymbiont (Chapter 4). The reasons underpinning these
observations are not known but a number of possibilities were discussed. One such
possibility was that Sm1021 responded differently to the root exudates of the hosts M.
truncatula and M. sativa and that this difference in plant exudate response could explain
the observed delay in nodulation. If, for example, a signal molecule was absent from
the suite of compounds produced by M. truncatula or not present at a sufficient
concentration, signal acquisition by Sm1021 could be delayed, leading to the slower
production of Nod factor and consequently result in a delay in the emergence of nodule
initials. Kapulnik et al. (1987) demonstrated that the addition of the nod gene inducer
luteolin to the rhizosphere of M. sativa inoculated with S. meliloti resulted in an
increase in nodule number, nodule mass, plant N content and dry matter production,
consistent with improved N2 fixation. Therefore, if differences observed in nodulation
timing could be shown to originate in the early stages of the signalling process, it may
be possible to link early plant-bacterial signal exchange and the nod gene inducer
composition of the rhizosphere into N2 fixation effectiveness.

There are a wide range of molecules produced by M. sativa known to stimulate the
expression of Sm1021 nod genes (Section 1.3.4) (Phillips et al., 1994). Comparison
with the exudate composition of M. truncatula A17 is difficult to make due to a paucity
of information on the types and quantities of compounds produced in the rhizosphere of
the model legume. The seed exudate of the two hosts is known to differ significantly:
the strong nod gene inducing flavonoids (e.g. luteolin, chrysoeriol) present in M. sativa
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are absent in seed rinses of M. truncatula. HPLC analysis of M. truncatula revealed the
seed exudates from this host to be largely composed of the betaines trigonelline and
stachdrine (Phillips et al., 1995). Root exudate information is available for M. sativa
(Cooper, 2004; Phillips et al., 1994) but not for M. truncatula.

NodD proteins are crucial transcriptional activators of nod genes – when the three nodD
genes in Sm1021 are inactivated, nodulation is abolished (Honma et al., 1990).
Plasmid-borne reporter gene fusion assays (lacZ) have demonstrated that some of the
purified compounds from M. sativa seed and root exudates activate different NodD
proteins (Dakora et al., 1993; Phillips, 1992; Hartwig et al., 1990a; Hartwig et al.,
1990b; Maxwell et al., 1989; Peters et al., 1986). For example, luteolin and chrysoeriol
activate NodD1, trigonelline and stachydrine activate NodD2, but no plant-derived
molecules are known to activate NodD3 (Phillips, 1992, Hartwig et al., 1990a; Peters et
al., 1986). Therefore, a difference in the suite of compounds produced by two plant
hosts may result in different responses by the bacteria and ultimately a diversity in the
range of gene transcripts produced. This could conceivably lead to differences in early
signalling.

One way to assess these potential differences in the response of Sm1021 to M.
truncatula and M. sativa root exudates is to use a microarray approach.

Unlike

traditional reporter gene assays or Northern blots, which focus on one or a few selected
gene transcripts, microarray analysis allows for the acquisition of a snapshot of the
entire bacterial transcriptome in a given set of conditions. By comparing the expression
profiles obtained after exposure to two (or more) conditions, it is possible to identify
differentially expressed genes. This whole-transcriptome approach removes the inherent
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bias of selecting target genes and therefore can reveal the involvement of genes not
hypothesised to be implicated in a particular system under study. The availability of the
full sequence of the Sm1021 genome (Galibert et al., 2001) has enabled microarray
analysis of this organism to become a more user-friendly technique in the research
laboratory, as it allows for the chemical synthesis of oligonucleotides from sequence
information, rather than requiring laborious PCR or cDNA-based approaches for the
generation of a microarray probe set.

Microarray analysis is a useful tool to study the molecular biology and symbiosis of
Sm1021. Recent approaches demonstrated that NodD1, activated by 3 µM (Barnett et
al., 2004) and 10 µM luteolin (Capela et al., 2005; Ampe et al., 2003), was responsible
for altering expression of some 20 genes (Barnett et al., 2004; Capela et al., 2005;
Ampe et al., 2003). No transcriptomic analysis of the NodD2 regulon induced by plantderived molecules has been reported for Sm1021. Analysis of the NodD1 and NodD3
regulons of Sm1021 by provision of a plasmid over-expressing either transcriptional
regulator in a triple nodD mutant background (nodD1::Tn5, nodD2::Tn5-Tp,
nodD3::Tn5-233), demonstrated the diversity of genes regulated by these proteins
(Barnett et al., 2004). Specifically, over-expression of nodD1 resulted in 14 genes upregulated and 2 down-regulated, while nodD3 over-expression yielded a much wider
regulon consisting of 106 up-regulated and 95 down-regulated genes (Barnett et al.,
2004). While useful in exploring potential regulator targets, caution should be observed
when interpreting data from over-expression experiments, as the unnaturally high
concentrations of the gene product under study may have consequences on gene
expression which do not accurately represent the natural system.
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These differences in the regulons of the principal nod gene transcriptional regulators in
Sm1021 raise two questions: (i) whether transcriptional regulation would differ when
Sm1021 was exposed to complex root exudates from two different hosts and (ii)
whether these differences in the response to root exudates could be related to early
signalling and nodulation events in Sm1021 with M. truncatula and M. sativa.

To date, there has been no report on how the whole transcriptome of Sm1021 responds
to different host root environments. To investigate this requires the development of a
system to assay early signalling events in the symbiosis between Sm1021 and the
legumes M. truncatula and M. sativa. Such a system would have a number of key
requirements. Firstly, the system would need to support the growth and maintenance of
both plants and bacteria in an axenic environment and provide for the easy harvesting of
bacteria exposed to plant exudates. Plants could be maintained in a hydroponic medium
similar to that described by Howieson et al. (1992). Bacteria would also need to be
growing in this medium, as only cells in their growth phase respond to plant-derived
nod gene inducers (Capela et al., 2005; Djordjevic et al., 1987). An axenic system is a
necessary condition to avoid cross hybridisation of non-Sm1021 gene transcripts in any
subsequent microarray analysis.

Secondly, the system must be tested to ensure that induction of Sm1021 occurs when
exposed to plant root exudates in the exposure system. The strain Sm1021(pRmM57)
carrying a plasmid-borne nodC-lacZ fusion (along with plasmid-borne copies of nodA,
nodB and nodD1) is activated in the presence of plant-derived inducers (Mulligan &
Long, 1985). This strain has been used extensively in nod gene expression experiments
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and is a reliable tool to test for nod gene induction (Hartwig et al., 1989; Maxwell et al.,
1989; Györgypal et al., 1988; Mulligan & Long, 1985).

Finally, the system must provide bacterial RNA of sufficient quantity for subsequent
microarray analysis. Typically, a conservative estimate suggests 10-20 µg of total
bacterial RNA is required for standard microarray analysis (S. Wilcox, pers. comm.). In
addition, the quality of the RNA should be assessed to ensure that it is not degraded and
that the sample is devoid of DNA contamination (which can interfere with labelling and
hybridisation procedures).

Therefore, the aim of these series of experiments was to firstly develop and then
validate a system in which to compare the response of the whole Sm1021 transcriptome
to the root exudates of M. truncatula and M. sativa using a microarray approach.
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5.2 Materials and Methods

5.2.1 Bacterial strains, plant accessions and growth media
Strains

and

plant

accessions

were

as

described

in

section

2.2.1.

Strain

Sm1021(pRmM57) carrying nodD1 and nodABC with a nodC-lacZ fusion (Mulligan &
Long, 1985) was obtained from Professor Sharon Long (Stanford University, USA).
Bacteria were grown in either TY medium (Beringer, 1974) or a modified JMM
minimal medium (O'Hara et al., 1989). The composition of this modified JMM was as
follows: succinic acid, 10 mM; L-glutamic acid monosodium salt, 3.0 mM; K2HPO4,
0.15 mM; KH2PO4, 0.15 mM; FeSO4.7H2O, 20 µM; CaCl2.2H2O, 1.0 mM; thiamine
hydrochloride, 13 µM; pantothenic acid, 4.5 µM; biotin, 0.8 pM; Na2MoO4.2H2O, 3.3
µM; Na2SO4, 0.7 mM; MgSO4.7H2O, 1.0 mM; MnSO4.4H2O, 5.0 µM; ZnSO4.7H2O,
3.7 µM; CuSO4.5H2O, 2.0 µM. The solution was buffered at pH 6.5 with 20 mM MES.
Strain Sm1021(pRmM57) was grown in the presence of 20 µg mL-1 tetracyline (Tc) and
100 µg mL-1 spectinomycin (Sp).

Plants were germinated and maintained in a nutrient solution adapted from Howieson et
al. (1992). The composition of the nutrient solution was as follows: KH2PO4, 20 µM;
K2SO4, 1.0 mM; MgSO4.7H2O, 200 µM; sodium ferric ethylenediamine di(ohydroxyphenyl acetate), 2.0 µM; CaCl2.2H2O, 500 µM; H3BO3, 3.0 µM;
Na2MoO4.2H2O, 30 nM; ZnSO4.7H2O, 750 nM; MnSO4.H2O, 100 nM; CoSO4.7H2O,
200 nM; CuSO4.5H2O, 200 nM. The solution was buffered at pH 6.5 with 20 mM
MES.

After seed germination and prior to inoculation with Sm1021 or

Sm1021(pRmM57), 2.0 mM and 4.0 mM of L-glutamic acid monosodium salt and
succinic acid, respectively, were added to the hydroponic solution.
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5.2.2 Chamber for the exposure of Sm1021 to the roots and root exudates of M.
truncatula and M. sativa seedlings
A system was developed to germinate and maintain seedlings of M. truncatula and M.
sativa and to allow for growth of bacteria exposed to the plant root exudates. The initial
system consisted of a tripod composed of a 5.0 mm gauge stainless steel mesh cut in a
circular shape of diameter 108 mm and secured via aluminium rivets to three aluminium
legs, 55 mm in length. A flexible nylon mesh of 1.3 mm gauge was secured to the
stainless steel mesh of the tripod with stainless steel wire and a wire handle added to
allow placement and removal of the stand in the exposure chamber. A small aperture,
14 mm x 15 mm in size, was cut at the edge of the steel mesh to allow for sample
retrieval with a pipette. The chamber consisted of a 1 L polycarbonate straight-side
wide mouth jar of diameter 115 mm and height of 137 mm, with a polypropylene lid
(Nalgene) (Figure 5.1). A second, improved tripod system was developed which
replaced the aluminium legs and rivets with shorter stainless steel counterparts. New
stainless steel legs were 27.5 mm in length and 5 mm in diameter (Figure 5.1). Legs 55
mm and 27.5 mm in length could accommodate 500 mL and 250 mL of hydroponic
solution, respectively.

5.2.3 Sterilisation of apparatus and seed sterilisation
Individual chambers containing a tripod, steel mesh, nylon mesh, wire handle and
securing wire, were assembled and sterilised by autoclaving (121
˚C, 103.4 KPa, 20
min). Hydroponic solution (minus CaCl2) was autoclaved separately (121
˚C, 103.4
KPa, 20 min). Prior to addition of seeds, sterile hydroponic solution was added to the
chamber, together with filter sterilised (0.2 µm pore size, Millipore) CaCl2 to a final
concentration of 1.0 mM.
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Figure 5.1 – Final arrangement of exposure chamber and tripod with (a) tripod plus wire
handle and 27.5 mm stainless steel legs in the 1 L polycarbonate cylinder with
polypropylene lid and (b) top-view of tripod showing removable screws and sampling
aperture.

Seeds were sorted for uniform size and 500 seeds each of M. sativa cv. Sceptre and M.
truncatula A17 (SA37443) selected.

A range of seed scarification and surface

sterilisation treatments were assessed with the aim of maximising the removal of seed
coat contaminants. Seeds were scarified with either fine sand-paper or treated with 9 M
H2SO4 for 8 min, followed by rinsing in tap water.

Batches of 100 seeds were

transferred to a tea strainer and further immersed in 70% (v/v) ethanol and either 4%
(w/v) NaOCl for 3 min or 12.5 % (w/v) NaOCl for 3 or 20 min. Seeds were then rinsed
in six changes of sterile DI water and allowed to imbibe overnight on 0.9% (w/v) water
agar plates containing 200 µg mL-1 ampicillin. The following day, seeds which had
imbibed were selected and underwent further treatment with 4% (w/v) NaOCl for 10s,
30s, 1 min, 2 min or 4 min and/or treatment with H2O2 at a concentration of 3% (v/v)
for 20s, 6% (v/v) for 30 s or 10 % (v/v) for 1, 2 or 5 min. Finally, seeds were rinsed in
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two changes of sterile DI water, aseptically placed into sterile chambers with nutrient
solution (minus glutamate and succinate) and spread out in a monolayer on nylon mesh.
All chambers were then sealed and placed at 22
˚C for three days to allow germination
of seedlings and penetration of their roots through the mesh into the hydroponic
solution, prior to inoculation with bacterial culture.

5.2.4 Inoculation of chambers with bacterial culture
Sm1021 was grown in 500 mL of modified JMM medium [Sm1021(pRmM57) was
grown in the same medium with Tc and Sp to maintain antibiotic selection] in a 2 L
conical flask at ˚C
28 and 200 rpm on

a G10 gyratory shaker (New Brunswick

Scientific) until OD600 = 0.8. The culture was split equally into three 250 mL centrifuge
tubes, pelleted (8,000 x g, 3 min) and resuspended in 10 mL of sterile nutrient solution
containing 4.0 mM succinate and 2.0 mM glutamate. A 200 µL aliquot of each cell
suspension was removed, diluted 1:20 with fresh sterile nutrient solution and the OD600
was measured on a Hitachi U-1100 spectrophotometer. From this reading, the number
of cells to inoculate the three exposure chambers to a starting OD600 of 0.25 was
calculated with the formula:

Volume of cell culture to add (mL) = (250 mL x 0.25)/culture OD600

Prior to the addition of the bacterial cells, a 1 mL aliquot of nutrient solution (in which
the seedlings had germinated) was removed from each chamber, serially diluted 1:10 to
10-7 with 0.89% (w/v) saline, spread-plated on Nutrient agar (Oxoid) and TY plates and
incubated at 37˚C for 3 days and 28˚C for 7 days, respectively, to check for the presence
of culturable contaminants. To each chamber, a final concentration of 4 mM succinate
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and 2 mM glutamate (filter-sterilised, 0.2 µm pore size, Millipore) was added, followed
by inoculation of each chamber with the calculated volume of the cell suspension. The
control chamber (no plants) was handled in exactly the same way. Chambers were
sealed, the base of all chambers (including the control) covered with aluminium foil to
exclude the light from the roots, and the chambers then placed at 22
˚C at 150 rpm on a
Bio-line incubator-gyratory shaker (Edwards Instruments, Australia).

5.2.5 Assessment of nod gene induction with Sm1021(pRmM57)
The ability of plants within the chambers to induce Sm1021 nod genes was assessed
through the measurement of β-galactosidase activity of Sm1021(pRmM57).

Three

chambers were set-up as described (sections 5.2.2-5.2.4) with either hydroponic
solution with no added inducer (control), hydroponic solution with 3.0 µM luteolin or
hydroponic solution with 500 M. sativa seedlings (Figure 5.2). Equal numbers of
Sm1021(pRmM57) were inoculated into each chamber and assays were conducted in
duplicate for each treatment.

The β-galactosidase assay was a modified version of that described by Miller (1972).
Samples of Sm1021(pRmM57) were taken from the control, M. sativa and luteolin
chambers at time 0, 4, 8, 24 and 28 h after inoculation. From each chamber, two
aliquots of 2 mL were collected; cells were immediately pelleted (20,000 x g, 2 min,
4˚C) and pellets were resuspended in 800 µL of fresh modified JMM medium. Two
375 µL aliquots were removed from the suspension and placed into separate 1.5 mL
tubes. One 375 µL aliquot was diluted 1:2 with fresh culture medium and the OD600
was measured. The other 375 µL aliquot was diluted with an equal volume of Z-buffer
[containing 6 mM Na2HPO4, 4 mM NaH2PO4.H2O, 1 mM KCl, 0.1 mM MgSO4.7H2O,
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0.54% (v/v) 2-mercaptoethanol, pH 7.0], 100 µL of CHCl3 and 50 µL of 0.1% (w/v)
SDS was added. Tubes were equilibrated at 28̊C for 5 min and then 150 µL of ONPG
(at 4 mg mL-1 in phosphate buffer consisting of 6 mM Na2HPO4 and 4 mM
NaH2PO4.H2O, pH 7.0) was added to each tube and the tube vortexed vigorously.
Tubes were incubated until a strong yellow colour was visible, at which point 500 µL of
1 M Na2CO3 was immediately added to stop the reaction. Cells and cellular debris were
pelleted (20,000 g, 2 min) and the absorbance of the supernatant measured at 420 nm.
β-Galactosidase activity was calculated in Miller units as follows:

Miller units = 1000 x (OD420)/(t x v x OD600)

Where: OD420 = absorbance due to colour change
t

= reaction time (min) from the addition of ONPG, until
the reaction was stopped with addition of Na2CO3.

v

= volume (mL) of the culture used in the assay.
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Figure 5.2 - Experimental setup and flow diagram of β-galactosidase assays. Induction was
compared between a chamber containing equal numbers of Sm1021(pRmM57) in
hydroponic solution with 4mM succinate and 2 mM glutamate but with either no inducer
(control), 3 µM luteolin, or 500 germinated M. sativa seedlings.

5.2.6 Assaying response of Sm1021 transcriptome to M. truncatula and M. sativa
root and root exudates
The microarray experiment comprised two test systems, consisting of M. truncatula
seedlings and M. sativa seedlings separately suspended into a solution containing equal
numbers of Sm1021 cells (Figure 5.3). A control system, with a bacterial culture
growing in the same hydroponic solution (with 4.0 mM succinate and 2.0 mM
glutamate) but with no plants, was included (Figure 5.3). Cells were harvested after 16
h and RNA extracted from the two test and control containers was quantified, prepared
and labelled.

Gene expression differences between test and control systems were
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determined by hybridisation of differentially-labelled test and control RNA to the same
microarray slide (Figure 5.3).

Figure 5.3 – Experimental setup and flow diagram of microarray experiment. Gene
expression was compared between mRNA from Sm1021 in contact with M. truncatula roots
and control (Mt v control) and mRNA from Sm1021 in contact with M. sativa roots and
control (Ms v control). Both Mt v control and Ms v control were hybridised in duplicate
(with dye swaps), yielding a total of four technical replicates per comparison.

5.2.7 RNA extractions
All solutions in contact with the extracted RNA were treated with 0.1 % (w/v) DEPC to
inactivate RNases, apart from solutions containing TRIS. DEPC-treated solutions were
incubated overnight at 37˚C and then autoclaved (121˚C, 20 min, 103 KPa) to inactivate
DEPC. Solutions containing TRIS were made with DEPC treated MilliQ water and an
RNase-free source of TRIS (Sigma, catalogue # 93362).
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Extraction of RNA from Sm1021 grown in TY
Trial RNA extraction methods were conducted with Sm1021 grown in TY broth. A 50
mL culture of Sm1021 grown in TY to OD600 = 0.5 was transferred to two pre-chilled
50 mL centrifuge tubes, pelleted (10,000 x g, 5 min, 4˚C) and the supernatant discarded.
The pellet was resuspended in 20 mL of 0.89% (w/v) NaCl and pelleted again (10,000 x
g, 5 min, 4˚C). Cells were then resuspended into 1.35 mL of 5 mM EDTA (pH 7.6) and
then 150 µL of lysozyme [500 mg mL-1 in 5 mM EDTA (pH 7.6)] was added followed
by incubation on ice for 20 min. A 500 µL aliquot of lysis solution [containing 5.5%
(w/v) SDS, 600 µg mL-1 proteinase K] was added, the solution mixed by vortexing and
incubated at 65˚C for 10 min. A 1 mL aliquot o f ice-chilled 5 M NaCl was added, the
solution briefly vortexed and centrifuged (20,000 x g, 10 min,˚C).
4 The supernatant
was transferred into 3 separate 2 mL centrifuge tubes and 1 volume (~ 1 mL) of 2propanol was added.

The solution was mixed by inversion and nucleic acid was

pelleted (10,000 x g, 10 min, 4˚C). The resultant pellet was allowed to dry in air for 10
min.

The pellet was resuspended in 450 µL of RNase-free water and a DNA digest was
performed with 10 U of RQ1 DNase (Promega Corporation) and 50 µL of 10 x DNase
buffer [10 mM HEPES (pH 7.5), 10% (v/v) glycerol, 10 mM CaCl2 and 10 mM MgCl2]
to a final volume of 500 µL. The digest was incubated at 37˚C for 30 min.

Extraction of RNA from Sm1021 exposed to plant root exudates
To remove any Sm1021 cells loosely attached to the plant roots, each exposure chamber
(including the control) was vortexed vigorously for 20 s and then the 250 mL
suspension was immediately poured through a sterile nylon mesh filter (1.3 mm gauge)
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into 250 mL centrifuge tubes, and centrifuged (8,000 x g, 5 min, 4̊C). The pellet was
resuspended in 30 mL of 0.89% (w/v) NaCl and re-pelleted (8,000 x g, 5 min, 4˚C).
The supernatant was discarded and the pellet resuspended in 12 mL of 5 mM EDTA
(pH 7.6) and briefly vortexed. A 500 µL aliquot of lysozyme (5 mg mL-1) was added,
the tube inverted five times to mix, followed by 4.2 mL of lysis solution [5% (w/v) SDS
and 300 µg mL-1 proteinase K], vortexed (10 s) and the mixture incubated at 65˚C for
10 min. An 8.3 mL aliquot of ice-chilled 5 M NaCl was added, the solution was
vortexed and centrifuged (25,000 x g, 20 min, 4˚C). The supernatant was transferred to
a new 30 mL tube, one volume of 2-propanol was added, mixed by inversion and the
mixture centrifuged (20, 000 x g for 10 min, 4˚C). The supernatant was discarded and
the pellet resuspended in 2.4 mL of RNase-free water. Three 800 µL aliquots from each
extract were transferred to 2 mL centrifuge tubes and 100 U of RQ1 DNase (1 U µL-1)
and 100 µL of 10x RQ1 buffer [10 mM HEPES (pH 7.5), 10% (v/v) glycerol, 10 mM
CaCl2 and 10 mM MgCl2] was added, the solutions mixed by vortexing and then
incubated for 30 min at 37˚C.

5.2.8 Phenol-chloroform extraction
Following

DNase

digestion,

an

equal

volume

of

acidified

phenol

(pH

4.5):chloroform:isoamyl alcohol, in the ratio of 25:24:1, was added and the phases were
gently inverted ten times and separated via centrifuge (20,800 x g, 10 min,˚C).
4 The
upper aqueous phase was transferred to a fresh tube, 1 volume of chloroform: isoamyl
alcohol (24:1) was added, and the mixture inverted gently ten times and separated by
centrifugation (20,800 x g, 10 min, 4̊C). The aqueous phase was transferred to a fresh
tube, 2 volumes of absolute ethanol were added and the solution stored at -80˚C.
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5.2.9 Ethanol precipitation
Ethanol precipitation of nucleic acids was performed by addition of a one-tenth volume
of 3 M sodium acetate (pH 5.2) to the solution which was then mixed and centrifuged
(20,800 x g, 10 min, 4˚C). The supernatant was discarded and the pellet resuspended in
1 mL of 70% (v/v) ethanol. The solution was briefly pelleted (20,800 x g, 2 min, 4̊C),
the supernatant removed and the resulting precipitate resuspended in 50 µL of RNasefree water. A 5 µL aliquot was removed for spectrophotometric assay (5.2.11).

5.2.10 RNA purification using RNeasy columns (Qiagen)
The sample of RNA was made up to a volume of 100 µL with RNase-free water and
350 µL of RLT buffer (Qiagen) was added and the solution mixed, followed by addition
of 250 µL of absolute ethanol. The 700 µL solution was applied to an RNeasy spin
column and eluted (8,000 x g, 15 s). The eluate was discarded and the column was
washed with 350 µL of RW1 buffer (Qiagen) and eluted (8,000 x g, 15 s). An oncolumn DNA digest was performed by applying 80 µL of DNase digest mix [10 µL of
DNase I (Qiagen) was added to 70 µL of buffer RDD (Qiagen) and gently inverted prior
to digestion] to the spin column and incubated at room temperature for 15 min. A 350
µL aliquot of RW1 buffer was then added and the column eluted (8,000 x g, 15 s). The
eluate was discarded and the column transferred to a new collection tube where it was
washed with two consecutive aliquots of 500 µL of RPE buffer (Qiagen) (8,000 x g, 15
s). Following a final centrifugation (20,800 x g, 1 min), two consecutive 30 µL aliquots
of RNase-free water were run through the column to elute RNA (8000 x g, 1 min) and
the resultant RNA solution then stored at -80˚C.
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5.2.11 Assay of RNA quality and quantity
RNA quality and quantity were initially assessed by adding 5-10 µL of RNA solution to
995-990 µL of RNase-free water and reading absorbance at 260 nm and 280 nm on a
DU-70 spectrophotometer (Beckman). Ratios of A260/A280 which were > 1.8 were
deemed to be of sufficiently high quality (Gallagher & Desjardins, 2006).

RNA

concentration was calculated, assuming a molar extinction coefficient for ssRNA of
0.025 mL µg-1 at A260 = 1.0 (Gallagher & Desjardins, 2006), using the following
equation:

RNA concentration (µg mL-1) = A260 x dilution factor x 40 µg mL-1

To confirm RNA quality and quantity adequate for microarray analysis, bacterial total
RNA samples were assayed on an Agilent Bioanalyzer 2100 using the NanoChip
protocol (Agilent).

5.2.12 Slide printing, sample labelling, hybridisation and scanning
Slide printing, sample labelling, hybridisation and scanning, were performed at the
Australian Genomics Research Facility (Melbourne, Australia). A set of lyophilised
6205 optimised 70 mer oligonucleotides designed from the Sm1021 genome sequence
was obtained (Sinorhizobium genome Oligo Set version 1.0, GS-1600-02, Operon
Technologies).

Oligonucleotides were transferred to 384-well printing plates and

resuspended at 250 ng µL-1 in 3 x SSC buffer [20 x SSC buffer contained 3 M sodium
chloride and 0.3 M sodium citrate (pH 7.0)] for printing. The oligonucleotides were
spotted onto A+ aminosilane (Schott) glass slides using split pins (Point Technology)
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and an arraying robot (ESI Virtek). Slides were then baked and UV irradiated at 700 MJ
to crosslink the DNA.

A total of 5 µg of bacterial RNA was labelled using the Affymetrix Prokaryotic cDNA
synthesis process. GeneChip eukaryotic poly-A RNA spikes (Millenium Sciences, Cat
# 900433) were added to the reaction to determine the labelling efficiency.

The

subsequent cDNA was cleaned using the Affymetrix GeneChip sample cleanup kit
(Millenium Sciences, Cat # 900371) and the cDNA coupled to the Cy3 and Cy5 dyes
using the ULS labelling kit and then cleaned (Kreatech, GEA-001). Labelled cDNA
samples were then fragmented using DNase I as recommended in the Affymetrix
process. The fragmented cDNA was quality-checked using the Agilent Bioanalyser
2100 (Section 5.2.11)

A total of 2 µg of labelled cDNA per sample was then readied for hybridisation to the
printed arrays by preparing a probe cocktail (labelled cDNA at 0.03 µg µL-1) that
includes 1 x hybridisation buffer [25% (v/v) formamide, 2.5 x SSC, 0.1% (w/v) SDS]
and 0.5 mg mL-1 Herring Sperm DNA. Labelled samples (Cy3 or Cy5) were pooled to
be competitively hybridised in one reaction. Each hybridisation reaction had a final
volume of 60 µL and contained 2 µg of a Cy3 labelled sample plus 2 µg of a Cy5
labelled sample. Each reaction was heated to 100̊C for 2 min and centrifuged (20,000
x g, 15 s). The supernatant was added to the printed arrays by pipetting the mixture
under a glass coverslip and each slide was placed into a sealed hybridisation chamber
(Corning).
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The arrays in the hybridisation chambers were hybridised in a waterbath at 42
˚C for 16
h.

After hybridisation, the slides were washed at room temperature in a solution

containing 1 x SSC and 0.2% (w/v) SDS for 5 min, then washed at room temperature in
0.1x SSC and 0.2% (w/v) SDS for a further 5 min. The slides were dried and then
scanned using the Axon 5000B scanner. Images were captured using the GenePix
program and individual Cy3 and Cy5 images were stored in Tagged Image File (.tif)
format. These files were then used for subsequent bioinformatics analysis.

5.2.13 Array data analysis
Data from the microarray experiment were analysed using GeneSpring GX 7 (Agilent
Technologies). Background subtraction was performed for samples labeled with both
Cy3 and Cy5 and then normalisation was carried out per spot and per chip using
intensity-dependent (Lowess) normalization. Fold change was calculated as the ratio of
either M. truncatula or M. sativa system signals to the control signal (no plant) and
changes < 2-fold were excluded. Statistically significant differences in gene expression
between test (M. truncatula or M. sativa) and control (no plant) were determined using
a T-test with significance at P<0.05. Significantly differentially expressed genes were
then determined from the intersect of the Fold Change genes and T-test gene subsets.
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5.3 Results

5.3.1 Development of a suitable exposure chamber
A system was sought in which the test plants (M. truncatula and M. sativa) could be
germinated and maintained and within which Sm1021 could be exposed to plant
exudates in the presence of plant roots. When the first exposure system (consisting of 55
mm aluminium legs, Section 5.2.3) was placed in contact with the plant nutrient
solution, the gradual formation of an orange-yellow precipitate was observed over a
period of three days (Figure 5.4). When the plant nutrient solution was placed in the
chamber in the absence of the tripod, no visible precipitate developed over a period of
seven days. Examination of the tripod exposed to the hydroponic solution revealed
corrosion of the rivets used to secure the tripod legs in place, as well as corrosion of
those parts of the legs in direct contact with the rivets. Consequently, the rivets and legs
were removed and were replaced with stainless steel materials. When this modified
tripod was placed in contact with plant nutrient solution, no precipitation was evident
after two weeks.

The chamber functioned such that, following surface sterilisation, imbibed seeds were
aseptically placed onto the nylon mesh and allowed to germinate for three days.
Seedling roots penetrated through the nylon and wire mesh into the nutrient solution
below. The gauges of the nylon and wire mesh were such that roots which had
penetrated through were secured to the tripod and did not become dislodged during
gyratory shaking. With the surface area available on the wire mesh, a maximum of 500
Medicago seedlings could be effectively germinated.

With higher numbers of

seedlings, seeds could not be spread in a monolayer and many roots were unable to
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penetrate through to the hydroponic solution below, due to a lack of available spaces in
the mesh.

Figure 5.4 – M. sativa seedlings germinating in growth chamber in hydroponic solution
after 5 days. A large quantity of fine rust-coloured precipitate is visible.

The volume of the hydroponic solution in the chamber needed to be just below the
height of the tripod, as this maintained Medicago roots in the solution without the
radicle drying-out through exposure to air for prolonged periods of time. The tripod
was designed so that the length of the tripod legs (and therefore the volume of the
hydroponic solution) could easily be varied by attaching legs of different lengths.
Originally, legs 55 mm in length were trialled, allowing for a volume of 500 mL of
hydroponic solution. This volume proved difficult to effectively aerate by shaking in a
1 L chamber, so the length of the legs was shortened to 27.5 mm, reducing the exposure
volume to 250 mL. This length was determined to be the lower limit of the chamber, as
smaller lengths reduced available room for root elongation and these crowded roots
were then highly susceptible to breakage during shaking of the chamber.
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5.3.2 Creating an axenic system for the germination of seeds
Initial attempts at generating an axenic system within the exposure chambers for the
germination of seeds tested a method of seed sterilisation similar to that reported by
Howieson et al. (1992), consisting of exposure to 12.5 % (w/v) NaOCl for 20 min, six
washes in sterile DI water, imbibition overnight and then a further treatment with 3%
(v/v) H2O2 for 10 s. Following this procedure, seeds were placed into the chamber and
incubated at 22°C. Over a period of three days, the hydroponic solution gradually
became turbid. Samples taken from chambers and incubated on NA and TY plates
revealed approximately 5 x 107 cells mL-1 of bacteria of two different colony
morphologies on both media.

Therefore, a range of sterilisation conditions were

evaluated to determine a method of seed sterilisation which could eliminate these
contaminants from the exposure system (Table 5.1).

Of the 13 different tests

performed, only procedures numbers 11 and 12 resulted in chambers being devoid of
culturable contaminants (Table 5.1). Subsequent experiments utilised these sterilisation
parameters, with a final 10% (v/v) H2O2 treatment of 2 min.
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Table 5.1 – Summary of protocols to sterilise seeds and not adversely affect plant vigour. Plants were deemed healthy if, three days after final sterilisation,
they showed green cotyledons and were upright, whereas plants were deemed dead if the cotyledons were white and the seedlings remained prostrate after
this time. Chambers were judged contaminated if colonies were visible on NA or TY plates inoculated with samples from the chambers, after plates were
incubated at 37°C (NA) or 28°C (TY) for 3 and 7 days, respectively.
Test

Scarification

Ethanol
70% (v/v)

First Bleach
(w/v)

Second Bleach
(w/v)

H2O2
(v/v)

Plant Appearance

Contaminants

1

Sand-paper

1 min

3 min 12.5%

Nil

10s, 3%

Healthy

Yes

2

Sand-paper

1 min

3 min 12.5%

Nil

20s, 3%

Healthy

Yes

3

Sand-paper

1 min

3 min 12.5%

Nil

30s, 6%

Healthy

Yes

4

Sand-paper

1 min

20 min 12.5%

4 min 4%

2 min, 10%

Dead

No

5

Sandpaper

1 min

20 min12.5%

Nil

Nil

Healthy

Yes

6

9 M H2SO4, 10 min

1 min

20 min 12.5%

Nil

Nil

Healthy

Yes

7

9 M H2SO4, 10 min

1 min

20 min 12.5%

10s, 4%

Nil

Healthy

Yes

8

9 M H2SO4, 10 min

1 min

20 min 12.5%

30s, 4%

Nil

Burning of cotyledons

Yes

9

9 M H2SO4, 10 min

1 min

20 min 12.5%

60s, 4%

Nil

Dead

No

10

9 M H2SO4, 10 min

1 min

20 min 12.5%

120s, 4%

Nil

Dead

No

11

9 M H2SO4, 10 min

1 min

20 min 12.5%

Nil

1 min, 10%

Healthy

No

12

9 M H2SO4, 10 min

1 min

20 min 12.5%

Nil

2 min, 10%

Healthy

No

13

9 M H2SO4, 10 min

1 min

20 min 12.5%

Nil

5 min, 10%

whitening of cotyledons

No
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5.3.3 Growth of bacteria within the chamber system
The plant nutrient solution described by Howieson et al. (1992) was devoid of a carbon
or nitrogen source for bacterial growth and maintenance. When a chamber containing
germinated M. sativa, with standard plant nutrient solution (containing no carbon or
nitrogen source), was inoculated with a suspension of Sm1021, no increase in bacterial
cell number was observed over a period of 29 h (Figure 5.5a). In a subsequent M.
sativa chamber, 4.0 mM succinate and 2.0 mM glutamate were added to the nutrient
solution at the time of inoculation with Sm1021. Viable cell counts confirmed that
bacterial cell numbers were increasing, with an apparent MGT of approximately 60 h
(Figure 5.5b). Cell counts continued to increase up to the final measurement at 120 h
(Figure 5.5b).
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Figure 5.5 – Viable cell counts over time of Sm1021 cells in contact with roots and root
exudates of M. sativa cv. Sceptre in plant nutrient solution either (a) without or (b) with 4.0
mM succinate and 2.0 mM glutamate added. Figures (a) and (b) each represent data from
two separate chambers.
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5.3.4 Assessment of nod gene induction with Sm1021(pRmM57)
β-Galactosidase activity was assayed to confirm that the chamber system would allow
inducing compounds from plants to stimulate gene induction of bacteria within the
suspension. Assays with the exposure system where Sm1021(pRmM57) was in contact
with M. sativa roots demonstrated induction of the plasmid-borne fusion between 8 and
28 h, and maximal induction at 28 h of 41.7 Miller units (Figure 5.6). In contrast,
induction with 3 µM luteolin was more rapid, beginning between 0 and 4 h and reaching
a maximum at 28 h of 276 Miller units (Figure 5.6). Throughout the experiment,
background β-galactosidase activity readings remained at approximately 8-10 Miller
units.

Figure 5.6 - Induction of Sm1021(pRmM57) carrying a nodC-lacZ fusion inoculated into
hydroponic solution with either no inducer and no plant (negative control, ■), in contact
with M. sativa roots (■) or 3 µM luteolin and no plants (■). Values represent the average of
two separate cultures and error bars are 1 standard error.
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5.3.5 Development of an RNA extraction protocol
A number of Sm1021 RNA extraction trials were conducted to indentify a method
which would yield RNA of appropriate quality and quantity for microarray analysis.
Using a modified phenol-chloroform method, the effects of addition of lysozyme to
samples and use of the RNeasy (Qiagen) extraction columns for subsequent RNA
cleanup were assessed. RNA extracted with the addition of lysozyme resulted in an
increase in the total yield of RNA, compared to extracts which were not treated with
lysozyme (Table 5.2).
Table 5.2 – Nucleic acid yield from six separate extractions of the same cultures with or
without addition of a lysozyme step during extraction. Cultures where lysozyme was
omitted had 1.5 mL of 5 mM EDTA (pH 7.6) added and were incubated on ice for 20 min.
Absorbance (A) at 260 nm and ratio of A260/A280 represent means of six independent
measurements.

Extraction

Lysozyme

Number

added

Mean

Yield

A260/A280

(µg mL-1)

Mean A260

Not
1

No

0.219

1.188*
calculable#

2

No

0.089

2.088

712

3

No

0.095

1.956

760

4

Yes

0.139

2.035

1112

5

Yes

0.109

2.089

872

6

Yes

0.126

2.051

1008

* Low ratio indicates possible protein contamination.
# Not calculated due to ratio indicating substantial contamination
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Following the phenol-chloroform extraction, RNA samples which were further purified
using RNeasy columns gave yields approximately 35% lower than samples which
received only the initial phenol-chloroform extraction (Table 5.3). In addition, the
column-treated samples yielded slightly lower A260/A280 ratios than the untreated
samples (Table 5.3).

Table 5.3 – Nucleic acid yield from three separate cultures of Sm1021 grown in TY broth
and harvested at OD600 ≈ 0.5. RNA was extracted with lysozyme, with or without a final
RNeasy column cleanup step. The absorbance (A260 and A280) of samples was measured
before (‘a’ samples) and after (‘b’ samples) column cleanup. Absorbance (A) at 260 nm and
ratio of A260/A280 represent means of six independent measurements.

Sample

RNeasy

Mean

Mean

Yield

Ratio of

Number

Column

A260

A260/A280

(µg mL-1)

b/a

1a

No

0.185

2.068

1480

1b

Yes

0.125

1.924

1000

2a

No

0.148

2.053

1184

2b

Yes

0.092

1.941

736

3a

No

0.127

2.021

1016

3b

Yes

0.076

1.982

608

0.676

0.621

0.665

Further analysis of RNA from lysozyme via the Agilent Bionalyzer confirmed that the
RNA attained was of high quality with 23S:16S ratios of 1.97 and no evidence of
significant DNA contamination or degradation of RNA (Figure 5.7). There was no
discernible difference between RNA samples from lysozyme treated and untreated
sources (Figure 5.7). Traces from analysis of column purified and unpurified RNA
samples revealed both to yield high quality RNA with 23S/16S ratios of 1.93 (Figure
5.8). Column purified samples showed reduced amounts of small RNA molecules, at
retention times between 20 and 30 s, than the unpurified samples (Figure 5.8).
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Figure 5.7 – Capillary electrophoretogram generated by the Agilent Bionalyzer of two RNA
samples treated with lysozyme (a) and without (b) during a phenol-chloroform extraction.
Samples were taken from the same bacterial culture. Note the scales on the Y-axis are
different.
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Figure 5.8 – Capillary electrophoretogram generated by the Agilent Bionalyzer of two RNA
samples which were extracted via phenol-chloroform only (a) or with a subsequent RNeasy
column cleanup (b) Samples were aliquots from the same phenol-chloroform extraction.
Note the scales on the Y-axis are different.
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5.3.6 Microarray analysis of Sm1021 transcriptome exposed to the roots of M.
truncatula and M. sativa
When Sm1021 cells were exposed to roots and root exudates of M. truncatula, 28 genes
were found to be up-regulated and 45 genes were down-regulated, against the no plant
control (Figure 5.9). When M. sativa was the host plant, 23 up-regulated genes and 40
down-regulated genes were detected (Figure 5.9). Of the up-regulated genes, 12 were
common to both host systems and 16 and 11 genes were uniquely induced by M.
truncatula and M. sativa, respectively (Figure 5.9).

Similarly, 17 uniquely down-

regulated genes were detected with M. truncatula and 12 with M. sativa, with 28 genes
commonly down-regulated by both hosts (Figure 5.9).

Figure 5.9 – Venn diagram detailing numbers of Sm1021 genes (a) up-regulated and (b)
down-regulated when Sm1021 was in contact with M. truncatula (Mt, red) and M. sativa
(Ms, blue) roots and root exudates for 16 h.

Of 28 hypothetical genes of unknown function which were expressed in these
experiments, 12 were common to both systems (Table 5.4). Five hypothetical genes
were uniquely up-regulated in M. sativa (SMa1078, SMc01418, SMb20530,
SMb21030, SMc05008) and two in M. truncatula (SMc02156, SMb20701), with four
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genes uniquely down-regulated in both M. sativa (SMc03941, SMc02656, SMc00611,
SMc04314) and M. truncatula (SMc01747, SMa01791, SMc01834, SMb21685)
systems.

Most Sm1021 genes which were expressed differently when exposed to M. truncatula
roots as opposed to M. sativa roots either coded for hypothetical proteins or proteins
whose function has only been demonstrated in other organisms (Table 5.5). Among
these, a number of genes coding for proteins potentially involved in electron transport
were either positively or negatively affected by the host (e.g. SMa1041, SMb20343,
SMc04049, SMc01981, SMc03941, SMc01834) as were genes encoding a number of
putative ATP-binding cassette (ABC) transporters which were either regulated with
both hosts (SMc00185, SMc02344, SMc04244, SMc04245, SMc04257, SMc01511,
SMc01513) or regulated in a host-dependent manner (SMc02345, SMb20571,
SMb20570, Smb21132, SMb21133, SMc00078, SMc04259, SMc04258). One gene
whose function has been investigated in Sm1021 and which was up-regulated 4-fold
with M. sativa but not induced with M. truncatula was nex18 (SMa1077), a gene
important for the development of N2 fixing nodules in M. sativa (Oke & Long, 1999).
Other potential genes of interest include the putative extracytoplasmic function (ECF)
sigma factor encoding genes rpoE1 (SMc01419) and rpoE4 (SMc04051) (Tables 5.4
and 5.5). Interestingly, rpoE1 was common to both M. truncatula and M. sativa
systems, but rpoE4 was found to be expressed only with M. truncatula (Tables 5.4 and
5.5).

In addition, expression of the anti-sigma factor SMc01505, a putative

transcriptional regulator of rpoE2, was down regulated in M. truncatula but not in M.
sativa (Table 5.5).
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In all cases where genes were commonly regulated with both hosts but the difference in
magnitude of expression was greater than 50%, M. truncatula-induced Sm1021 genes
were more highly regulated than M. sativa.

For example, SMc02282 (a putative

copper-containing oxidoreductase) and SMc02344 (a putative periplasmic protein) were
almost twice as highly expressed in the M. truncatula system (5.1- and 6.4-fold
induction) as opposed to the M. sativa system (2.6- and 3.7-fold, respectively). The
gene SMc02255, a gene encoding a putative quinol oxidase subunit, was downregulated with M. truncatula (26.9-fold) more than with M. sativa (16.8-fold). Also
exoK (SMb20955), encoding an endo-1,3-1,4-β-glycanase that degrades the
succinoglycan polymer into smaller subunits (York & Walker, 1997), was commonly
down-regulated in both test systems to similar levels (Table 5.4). The two-component
sensor-regulator pair actSR, which control the expression of a range of S. medicae
WSM419 genes when the cells are grown at pH 5.8 (Fenner et al., 2004; Tiwari et al.,
1996), were similarly down-regulated by comparable magnitudes with both hosts.
Interestingly, no nod genes were differentially expressed (relative to the control) in the
test systems.
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Table 5.4 – Expression of up-regulated and down-regulated genes which were common to both M. truncatula and M. sativa systems compared to the
no plant control. Fold change was calculated by normalised test value/normalised control value for up-regulated genes and normalised control
value/normalised test value for down-regulated genes. Data are presented in order of gene identifier (ID). Bolded values represent genes differentially
regulated >50% between the two hosts.

Gene ID

Description

Common up-regulated genes

M. sativa
v Control

M. truncatula
v Control

Fold
change
2.9

Fold
change
3.1

SMa1036

Conserved hypothetical protein, downstream of OMP Sma1037

SMa1041

Copper binding protein

5.8

4.9

SMa1043

Conserved hypothetical protein

4.0

4.1

SMc00045 cycF, probable cytochrome C556

2.1

2.3

SMc00185 Putative ABC transporter ATP-binding transmembrane protein

2.0

2.0

SMc01281 Conserved hypothetical protein

2.1

2.2

SMc01810 Conserved hypothetical protein

2.4

2.6

SMc01875 lpxC, probable UDP-3-O-3-hydroxymyristoyl N-acetylglucosamine deacetylase

2.1

2.1

SMc02282 copA, putative copper-containing oxidoreductase
Putative glycine-betaine and choline ABC transporter, periplasmic solute-binding
SMc02344
component
SMc04051 rpoE4, putative RNA polymerase sigma factor

2.6

5.1

3.7

6.4

2.7

2.7

SMc04246 Hypothetical transmembrane signal peptide

4.2
8.5
Continued on following page

Table 5.4 – Continued

M. sativa
v Control

M. truncatula
v Control

Fold
change
16.8

Fold
change
26.9

SMc02349 asfA, putative oxidoreductase protein

3.2

2.7

SMc02365 Protease precursor protein

5.4

5.7

SMc02367 Putative sensor histidine kinase

2.1

3.1

SMc02372 Putative transport transmembrane protein

2.1

2.6

SMc02373 Hypothetical protein

3.5

3.6

SMc02584 actR, transcriptional regulator protein

2.8

3.4

SMc02585 actS, transmembrane sensor histidine kinase

2.4

2.6

SMc02655 Putative cytochrome C transmembrane protein

2.3

2.4

SMc02897 Putative cytochrome C transmembrane protein

2.3

2.5

SMc03230 gcp, Probable O-sialoglycoprotein endopeptidase

2.1

2.2

SMc04244 znuC, Probable high-affinity zinc uptake system ATP-binding ABC transporter,

2.5

4.5

SMc04245 znuA, Probable high-affinity zinc uptake system ABC transporter

2.9

6.3

SMc04257 Putative gentiobiose, salicin, and cellobiose ABC transporter, permease component

2.8
4.4
Continued on following page

Gene ID

Description

Common down-regulated genes
SMc02255 qxtA, putative quinol oxidase subunit I transmembrane protein

Table 5.4 – Continued

M. sativa
v Control

M. truncatula
v Control

Fold
change
3.0

Fold
change
3.4

SMb20955 exoK, endo-1,3-1,4-β-glycanase

2.6

2.3

SMb21488 Putative cytochrome o-ubiquin

5.9

6.3

SMc00641 serA, putative D-3-phosphoglycerate dehydrogenase

3.0

3.9

SMc00777 Conserved hypothetical protein

7.4

11.5

SMc00870 Probable ATP synthase subunit

2.4

2.5

SMc01108 Conserved hypothetical protein

3.4

4.3

SMc01365 Putative exoribonuclease II protein

2.3

2.7

SMc01471 Putative cytochrome C oxidase

3.9

3.8

SMc01511 hmuU, putative hemin ABC transporter

2.2

2.5

SMc01512 hmuT, putative hemin binding protein

2.4

2.8

SMc01513 hmuS, putative hemin ABC transporter

3.5

3.8

SMc01514 Conserved hypothetical protein

2.1

2.5

SMc02111 Conserved hypothetical protein

2.6

2.5

Gene ID

Description

Common down-regulated genes (continued)
SMa2171

Conserved hypothetical protein
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Table 5.5 – Expression of up-regulated and down-regulated genes which were unique to M.
truncatula and M. sativa systems, compared to control. Fold change was calculated by
normalised test value/normalised control value for up-regulated genes, and normalised
control value/normalised test value for down-regulated genes. Data are presented in
descending order of fold change.

Gene ID

M. sativa v control up-regulated

Fold
change

SMa1078

Conserved hypothetical protein

4.1

SMa1077

nex18, symbiotically induced conserved protein

4.0

SMc02283 putative copper-containing oxidoreductase

3.4

SMb20648 Puative oxidoreductase protein

3.2

SMc01418 Hypothetical signal peptide

2.9

SMc02345 Putative ABC-transporter

2.7

SMb20530 Hypothetical protein

2.6

SMc05008 Hypothetical signal peptide (SMcR1)

2.5

SMc04302 cobO, probable cobalamin (vitamin B12) adenosyltransferase

2.4

SMb21030 Hypothetical protein

2.1

SMc03983 fbaB, probable fructose-bisphosphate aldolase

2.0

Gene ID

M. truncatula v control up-regulated

SMb20571 Putative ABC transporter, small molecule permease

3.5

SMc02156 Conserved hypothetical protein

3.1

SMc04291 sndH, putative l-sorbosone dehydrogenase

3.0

SMb20343 Putative isoquinoline 1-oxidoreductase

2.4

SMc04049 Putative sulfite oxidase protein and oxidoreductase

2.4

SMb20570 Putative ABC transporter, periplasmic solute binding protein

2.4

SMb20573 Putative NADH-dependent flavin mononucleotide reductase

2.3

SMc01419 rpoE1, probable RNA polymerase sigma factor
Conserved hypothetical protein, probable NAD-dependent
SMb20701
epimerase/dehydratase
SMc02369 Putative sensor histidine kinase transmembrane protein

2.3

SMc01981 Putative cytochrome C transmembrane

2.1

SMc00604 ropB1, probable porin outer membrane protein

2.1

SMc00770 potF, probable putrescine-binding protein

2.1

SMb21132 Putative ABC transporter, sulfate uptake

2.3
2.1

2.1
Continued on following page
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Table 5.5- Continued
SMb21133 Putative ABC transporter, sulfate uptake
SMc02570
Gene ID

2.0

hisA, probable phosphoribosylformimino-5-aminoimidazole
carboxamide ribotide isomerase
M. sativa v control down-regulated

Conserved hypothetical transmembrane protein, homology to
cyctochrome C oxidase oxidase IV
SMc02656 Hypothetical unknown protein
SMc03941

2.0
Fold
change
4.5
4.4

SMc04350 macA, putative membrane-fusion protein

3.2

SMc00611 Hypothetical transmembrane protein

2.8

SMc04351 macB, probable macrolide export ATP-binding/permease
Putative methionine ABC transporter, periplasmic solute-binding
SMc00078
protein
SMc04314 Hypothetical protein

2.2

SMc01566 recQ, probable ATP-dependent DNA helicase

2.1

SMc00871 atpB, probable ATP synthase A chain transmembrane protein
Gene ID
SMc04259
SMc01747
SMc04258
SMb21490
SMa01791

M. truncatula v control down-regulated
Putative gentiobiose, salicin, and cellobiose ABC transporter,
periplasmic solute-binding component
Hypothetical protein
Putative gentiobiose, salicin, and cellobiose ABC transporter,
permease component
Putative SUR1-like protein, similar to Bradyrhizobium japonicum
shb1 gene
Hypothetical protein

2.2
2.1
2.0
Fold
Change
3.2
3.2
3.0
3.0
2.8

SMc01505 Putative rpoE2 anti-sigma factor hypothetical protein

2.5

SMc02253 pchB, putative salycilate biosynthesis protein

2.5

SMc03298 Putative transposase number 3 for insertion sequence ISRm26

2.4

SMc01428 cspA2, probable cold shock transcription regulator

2.3

SMc04247 Putative β-xylosidase protein
btaA, protein required for diacylglyceryl-N,N,NSMc01848
trimethylhomoserine biosynthesis
SMc03900 ndvA, β-1-2-glucan export ATP-binding protein

2.2

SMc01834 Conserved hypothetical protein, putative oxidoreductase activity

2.1

SMc04040 ipbA, probable heat shock protein

2.2
2.2

2.1
Continued on following page
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Table 5.5 - Continued
olsB, protein required for N-acylation of ornithine forming lysoornithine lipid
SMb21685 Hypothetical protein
SMc01127

SMc02329 Transposase for insertion sequence ISRm1

2.1
2.0
2.0
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5.4 Discussion

5.4.1 Exudate exposure chambers
The chamber system developed was successfully able to germinate approximately 500
Medicago seedlings and expose a culture of bacteria to the roots and root exudates of M.
truncatula and M. sativa. The preparation of axenic seeds to germinate within the
chamber proved difficult.

Of the large number of treatments evaluated, only two

resulted in contaminant-free chambers with plants not adversely affected by the
sterilisation treatments. Although seed sterilisation is often practised in experiments
where plants are grown in glasshouse conditions, these experiments are essentially
devoid of detectable numbers of rhizobia, rather than axenic (Penmetsa & Cook, 2000;
Howieson et al., 1995). Thus, a glasshouse-type sterilisation protocol was insufficient
to remove seed contaminants. The original sand-paper scarification method was
replaced with the concentrated sulfuric acid scarification method employed by Penmetsa
and Cook (2000). The rationale was that sulfuric acid would achieve two aims – kill
bacteria on the seed coats as well as degrade the seed coat sufficiently to allow effective
imbibition. Manually excluding all unimbibed seeds also proved critical in yielding
axenic chambers. The final protocol, which was effective at generating seeds without
detectable culturable contaminants, resulted in a treatment and imbibition of
approximately 14 h with frequent rinsing and washing steps in between.

It is

noteworthy that such extreme measures are necessary in order to produce axenic seeds.
One wonders if these seed-borne bacteria have any role in symbiosis. It would be
informative to isolate and characterise these organisms and to determine whether they
influence the establishment of N2-fixing symbioses.
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5.4.2 Induction of nodC-lacZ fusion by luteolin and M. sativa roots and root
exudates
The nodC-lacZ fusion was induced approximately 4-fold after 16 h exposure to the
exudates of M. sativa above the control level.

Luteolin achieved a higher

(approximately 34-fold) induction of the construct, which is in broad agreement with
levels of induction by luteolin of Sm1021(pRmM57) reported previously (Györgypal et
al., 1988). The difference in magnitude of induction by root exudates and luteolin was
likely due to the different nature and concentrations of the two systems assayed.
Luteolin was added at a concentration of 3 µM, primarily because gene induction by
this molecule has previously been measured at this concentration (Barnett et al., 2004),
although assays of nod gene induction by luteolin at a higher concentration of 10 µM
have also been reported (Capela et al., 2005; Ampe et al., 2003).

Compounds

originating from seeds, such as luteolin or trigonelline, are liberated rapidly within the
first 24 h of imbibition, with most release occurring in the first 4 h (Phillips et al.,
1995). In contrast, root exudates are released slowly over many days and presumably
continue to be produced throughout the life of the plant (Hartwig et al., 1990b). In this
experiment, the extensive sterilisation and imbibing time (in total some 14 h), the
frequent solution changes and washing steps as well as the loss of most seed coats by
the time that seedlings were placed into the chamber, makes it highly unlikely that seed
exudates were present in the system in appreciable quantities at the time of exposure to
Sm1021 cells. Therefore, root exudates would be expected to be the primary nod-gene
inducing components in this exposure system.
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Components of M. sativa root exudates, such as 4, 4′ - dihydroxy- 2′- methoxychalcone,
4′,7-dihydroxyflavone and liquiritigenin, are released at much lower concentrations than
seed exudates (≤ 2 pmol h-1 plant-1 for these root exudates, compared to 70 and 2,500
pmol h-1 seed-1 for the seed exudates luteolin and trigonelline, respectively) (Phillips et
al., 1994). Total M. sativa seed exudate is also able to induce nodC-lacZ fusions in
Sm1021(pRmM57) by 1000-fold, as compared to M. sativa root exudate induction at
10-fold in this strain (Hartwig et al., 1990b). Therefore, the lower levels of induction of
the nodC-lacZ reporter in Sm1021(pRmM57) exposed to plant roots in the chamber
compared to those supplied 3 µM luteolin, are likely due to a predominance of the less
powerful nod-inducing root exudates in the exposure system. Nevertheless, the βgalactosidase assay confirms that the developed system is able to induce nodC-lacZ,
thereby establishing that there is sufficient bacterial growth in the chambers to allow for
the expression of inducible genes.

5.4.3 Gene expression of Sm1021 in contact with root exudates of M. sativa and M.
truncatula
The microarray experiment revealed numerous differences in the Sm1021 transcriptome
when bacteria were in contact with either M. sativa or M. truncatula roots. The gene
nex18 was up-regulated in contact with roots of M. sativa but not those of M.
truncatula. A nex18-gusA fusion in Sm1021 showed the gene was highly expressed in
the nodule and when nex18 null mutants were inoculated onto M. sativa, a mixture of
N2-fixing and non-N2-fixing alfalfa plants was obtained (Oke & Long, 1999). The
Nex18 protein was induced in Sm1021 grown in minimal medium (Barnett et al., 2004;
Davey & de Bruijn, 2000), but the fact that nex18 was not induced in contact with M.
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truncatula suggests that there may be some specific function for this gene in the M.
sativa-Sm1021 interaction.

Two putative sigma factor genes were up-regulated, rpoE1 (with M. truncatula only)
and rpoE4 (with both M. sativa and M. truncatula). Sigma factors are transcriptional
regulators that are critical in directing RNA polymerase to the promoter region of a
target gene (Burgess et al., 1969). Bacteria may possess numerous sigma factors, with
14 present in the genome of Sm1021 (Galibert et al., 2001). Ten of these sigma factors
belong to the extracytoplasmic function (ECF) family of sigma factors, a group of σ70related transcriptional regulators which are ill-defined but which direct transcription of
genes involved in expression of extracytoplasmic functions (Helmann, 2002;
Mittenhuber, 2002). The functions of rpoE1 and rpoE4 are yet to be described in
Sm1021, but their expression in contact with M. sativa and M. truncatula roots points to
possible wide-spread control of gene expression and the fact that rpoE1 is expressed
only in contact with M. truncatula roots may underpin some of the expression
differences observed with these hosts.

Expression of exoK (SMb20955), encoding an endo-1,3-1,4-β-glycanase, was downregulated in Sm1021 when either M. sativa or M. truncatula was the host plant. ExoK
and another glycanase ExsH, both cleave nascent HMW succinoglycan into a series of
LMW oligosaccharides in Sm1021 (York & Walker, 1998; 1997) but only the trimeric
form is able to mediate the formation of N2-fixing nodules in succinoglycan deficient
mutants of Sm1021 (Wang et al., 1999). Expression of neither exsH nor its
hypothesised export system prsDprsE (encoding homologues of ABC transporters and
Type 1 secretion systems) (York & Walker, 1997) were detected in this microarray,
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suggesting that exoK may be regulated differently to exsH. It is not clear why exoK
expression is down-regulated in contact with both host species, but this could signal a
lack of requirement for LMW succinoglycan at the early stage of host-bacterial
signalling assayed. Succinoglycan expression in Sm1021 has been reported to mediate
the colonisation of more root hairs and initiate and extend more infection threads than a
succinoglycan-deficient mutant (Pellock et al., 2000).

Given the key role these

glycanases have in producing LMW succinoglycan and that LMW (trimeric)
succinoglycan appears to be necessary for the establishment of effective symbioses on
M. sativa (Wang et al., 1999; York & Walker, 1997), it would be interesting to
determine whether their expression differed at various stages of symbiosis between
Sm1021 inoculated onto M. truncatula and M. sativa. Analysis of their expression from
attachment through to the development of a N2 fixing nodule on both hosts, possibly
with a gfp-expression vector approach, would be highly informative.

SMc02584 and SMc02585, encoding the two-component sensor-regulator system actS
and actR characterised in S. medicae WSM419 (Tiwari et al., 1996), was downregulated with both hosts.

SMc02584 is 94% identical to WSM419 ActS and

SMc02585 is 97% identical to WSM419 ActR at the protein level. In WSM419, ActS
and ActR are required for growth below pH 6.0 (O'Hara et al., 1989). The pH of the
hydroponic solution was buffered to an initial pH of 6.5 and the final pH of control and
tests hydroponic solutions did not differ widely (6.7, 6.5 and 6.4 respectively), making
it unlikely that the down-regulation of expression was due to a large pH shift.
Moreover, expression of both actS and actR is independent of pH in S. medicae
WSM419 (Tiwari et al., 1996). The actSR system regulates the transcription of a
number of genes (Fenner et al., 2004), but none of these targets were detected in this
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microarray. Why the expression of actS and actR was higher in the control system than
in the two test systems is not clear, but may point to the involvement of these genes in
metabolism in the minimal nutrient medium of the hydroponic solution.

While the functions of the large number of putative and hypothetical transcripts
identified in this experimental system are not known, their differential expression points
to their specific involvement in host-dependent early signalling events. SMc04246, a
hypothetical signal peptide, was up-regulated by both hosts and was also shown to be
expressed in a mutant of Sm1021 over-expressing nodD3 (Barnett et al., 2004). A
BLAST search of the SMc04246 protein sequence revealed matches to uncharacterised
hypothetical proteins in the database, with the highest scoring matches from proteins
from other α-proteobacteria such as S. medicae WSM419 (Smed1709, 84% identity),
Agrobacterium tumefaciens C58 (Atu1525, 45%) and R. leguminosarum bv. viciae 3841
(RL3181, 38%).

Barnett et al., (2004) also reported that a number of other uncharacterised genes were
differentially expressed when Sm1021 was grown in M9 minimal medium as opposed
to TY medium. Some of the genes expressed in M9 minimal medium were also found
to be expressed here in Sm1021 with both hosts (SMa1036, SMa1043, SMc01810 and
SMc02282). Others were expressed in M9 minimal medium but were only up-regulated
with M. sativa (SMc02345, SMc02283) or M. truncatula (SMb20571, SMb02156,
SMb21132, SMb21133). Some of the genes up-regulated in minimal medium and in
contact with M. sativa or M. truncatula roots code for ABC-transporters (SMb20571,
SMb21133, SMb21133) which are transmembrane proteins responsible for transport of
a wide variety of molecules across the bacterial membrane. Taken together, these
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comparisons with the work of Barnett et al. (2004) suggest that there may be common
roles for these genes for metabolism in minimal medium and in the root environment of
host legumes.

nod gene transcripts
Although the β-galactosidase assays with Sm1021(pRmM57) confirmed that nod gene
inducer molecules were present and active in the chamber (Section 5.3.4), no Sm1021
genes up or down-regulated by M. truncatula or M. sativa root exudates belonged to the
group of nod genes (Section 1.3.4).

No other studies of microarray experiments

analysing induction of nod genes after exposure to seed or root exudates are known.
Where the seed exudate luteolin was supplied, induction of nod genes was observed,
although the concentrations of inducer used (3 µM -10 µM), the time of exposure to
inducer (4-12 h) and the resultant fold induction (e.g.: 5.2 – 13-fold for nodA, against
uninduced control) varied substantially (Capela et al., 2005; Barnett et al., 2004; Ampe
et al., 2003). These variations in induction could have been due to a number of factors:
luteolin concentration, cell culture density, growth rate of bacteria, microarray platform
used and data analysis performed. Nevertheless, these experiments yield an expected
nodA induction of approximately 5 - 13-fold. As these experiments used a purified
concentrated single compound as the NodD activator, it is difficult to adequately relate
these data to the microarray results presented here.

The response of Sm1021(pRmM57) to complex seed exudates has been previously
investigated. These results revealed that β-galactosidase activity was 31-fold higher
when the strain was exposed to seed exudate from M. sativa as opposed to the no
exudate control (Mulligan & Long, 1985). pRmM57 is a derivative of pLAFR1, a 5 - 7
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copy number/cell plasmid (Friedman et al., 1982). In contrast, when strain JM57
(carrying the nodC-lacZ fusion on pSymA only) was exposed to seed exudate, induction
was much lower at 2-3-fold (Mulligan & Long, 1985). Similarly, when JM57 was
supplied with plasmid copies of nodABC, but no nodD1, induction by seed exudate was
2-fold (Mulligan & Long, 1985). The report by Györgypal et al. (1988) of seed exudate
induction by M. sativa and M. truncatula seeds (and other legume species) also
demonstrated that induction with pSymA fusions of nodC-lacZ in JM57 was 2-2.5-fold,
and not significantly different from the uninduced control. In both studies, only when
additional plasmid-borne copies of nodD1 were supplied was LacZ induction by seed
exudates > 20-fold (Györgypal et al., 1988; Mulligan & Long, 1985).

From available literature data of LacZ assays, a 2-3-fold nod gene induction can be
expected from seed exudates. It is not possible to directly compare these results to the
microarray results presented in this thesis for two reasons.

Firstly, LacZ assays

represent the measurement of protein activity, whereas microarray analysis measures
mRNA transcript number, and the two are not directly comparable. Secondly, seed
exudates, which have been shown to result in higher induction of the nodC-lacZ fusion
than purified root exudates of M. sativa, were most likely not present in the chamber in
appreciable quantities (see section 5.4.2). Thus, published data suggest that when
complex mixtures (not pure single compounds) of inducers are supplied to systems not
over-expressing one or more NodD proteins, nod-gene induction is relatively low at
approximately 2-3-fold.

The ability of the chamber system to induce nod genes was confirmed with the
induction of the nodC-lacZ fusion of Sm1021(pRmM57). The most likely reason for
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the absence of nod gene transcripts in the microarray experiment reported is that
induction of these genes probably occurred at levels below the conventional two-fold
cut-off level for reporting relative expression differences in a microarray experiment.

5.4.4 Concluding remarks
These experiments succeeded in developing a system to effectively assay early
signalling events in the Medicago-Sm1021 symbiosis.

The results presented here

highlight that the response of Sm1021 to roots and root exudates of M. truncatula and
M. sativa involves a wide range of transcripts, beyond the traditional nod genes. It is
interesting to note that two recent studies using in vivo expression technology (IVET) to
detect genes expressed specifically during the early stages of symbiosis in M sativa with
Sm1021 or after exposure of R. leguminosarum bv. viciae to the rhizosphere of P.
sativum, similarly did not detect nod gene transcripts in the isolated clones (Barr et al.,
2008; Zhang and Chang, 2006). Moreover in this chapter, 27 and 29 Sm1021 genes
were found to be up and down-regulated, respectively, in a host-dependent manner at
this early stage of the plant-bacterial interaction. Further work could characterise and
investigate the role of these genes, many of which code for hypothetical, predicted
proteins or are genes with only putative functions.

Little information is available on the composition of the root exudates of the model
legume M. truncatula. Given how important early signal exchange is to the
establishment of a symbiosis (Section 1.3.4) and the results of Chapter 4, the study of
Medicago exudates is an area which should receive more attention. Furthermore, the
seed exudate luteolin is arguably the most widely studied nod gene-inducing compound,
yet it is debatable how relevant this work is to the model legume. While luteolin is
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present in the seeds of M. sativa and several other Medicago species examined, it is
absent from M. truncatula seed and root exudates (Phillips et al., 1995). Trigonelline
and stachydrine are the major components of M. truncatula seed exudates and are
known to trigger nod gene induction through activation of NodD2 (Phillips, 1992),
although the regulon of this transcriptional regulator remains largely undescribed.
Further work analysing the response of Sm1021 to these NodD2-activaing compounds
and complex M. truncatula seed exudates would be highly informative. Seed exudates
are rapidly mobilised and lost after imbibition while root exudates, although produced at
lower levels than their seed-borne counterparts, are released over a much longer period
(Hartwig et al., 1990a; Phillips et al., 1994). In future, a greater understanding of the
diversity, chemical composition and the effects on rhizobia of these root-derived
molecules, particularly from M. truncatula, will greatly facilitate our understanding of
the factors underpinning the establishment of the M. truncatula-S. meliloti symbiosis.
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General Discussion

Chapter 6
6.1 Analysis of effectiveness in Medicago-Sinorhizobium systems
Medicago truncatula A17 and Sinorhizobium meliloti 1021 have emerged as partners in
the model indeterminate symbiosis (Oldroyd & Geurts, 2001; Cook, 1999), not because
of their performance in symbiosis but for other reasons (Section 1.3.1). The availability
of the full genome sequence of Sm1021 (Galibert et al., 2001) and the current
sequencing of the M. truncatula genome (Young et al., 2005) have led to intensive
research into these organisms.

However, no previous study has comprehensively

quantified N2 fixation in the model symbiosis. The work presented here sought to
examine the effectiveness of N2 fixation of this model system, to define the
effectiveness of other comparable symbioses and to investigate factors which lead to the
establishment of suboptimally effective symbioses.

From the range of effectiveness experiments conducted, the interactions of Sm1021,
WSM419 and WSM1022 with a range of hosts were classified using the categories
suggested in Section 1.2 (Table 6.1). These three strains represent a good basis to
conduct strain effectiveness comparisons with the aim of identifying factors which lead
to the development of suboptimal N2 fixation. In addition, these strains could be useful
in identifying factors which lead to differences in strain host ranges. For example, S.
meliloti strains Sm1021 and WSM1022 were both unable to nodulate M. murex (type 1)
and formed small white nodules which failed to fix N on M. polymorpha (type 2),
whereas S. medicae WSM419 was effective (type 5) for both of these hosts. Other
workers have demonstrated these two hosts to fix N exclusively with S. medicae strains
(Garau et al., 2005; Rome et al., 1996a; Rome et al., 1996b). At present we do not
know why S. meliloti strains are unable to form symbioses with either M. polymorpha
or M. murex. A detailed analysis of early nodulation events of these strains, such as root
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attachment or colonisation of the rhizosphere, would be valuable in understanding these
differences.

Table 6.1 – Strain and host interactions grouped using the categories described in Section
1.2.

Host

Sm1021

WSM1022

WSM419

M. murex

1

1

5

M. polymorpha

2

2

5

M. arabica

2

2

4

M. sphaerocarpus

4

4

4

M. littoralis

4

5

3*

M. tornata

4

5

4*

M. truncatula

4

5

5

M. sativa

5

5

4

* Data for these symbioses were supplied by J. G. Howieson (unpublished data).

On M. tornata, M. littoralis and M. truncatula, WSM1022 performed consistently better
than Sm1021, while also being effective on M. sativa (Table 6.1). This suggests that
WSM1022 may be valuable as a broadly effective strain and should be further
characterised and investigated to ascertain the basis of this effectiveness.
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On M. truncatula A17, SU47 was a more effective strain than its derivative Sm1021,
but both SU47 and Sm1021 were significantly less effective than WSM1022 or
WSM419 on this host. The differences in effectiveness between SU47 and Sm1021
suggest that the accumulation of genetic changes in one or both strains has led to the
reduced dry weights of M. truncatula A17 inoculated with Sm1021. Symbiotic
differences also exist between Sm1021 and Sm2011 (the independent streptomycinresistant derivative of SU47), in the ability of these strains to induce Ca2+-spiking in M.
truncatula root hairs (Wais et al., 2002). Recently, Moreau et al. (2008) reported that
R. meliloti (i.e., S. meliloti) strain 2011 was also poorly effective at N2 fixation with M.
truncatula, although it is not clear whether the strain used in the study was the StS (i.e.
SU47 or RCR2011) or StR (Sm2011) clone. Given the symbiotic differences between
SU47 and its two derivatives, it would be highly informative to have genome sequences
for all three clones (SU47, Sm1021 and Sm2011) in an effort to pin-point the location
of genetic variations which are related to the different effectiveness and symbiotic
interactions of these strains with M. truncatula.

While Sm1021 lacks an intact copy of expR and WSM419 has an intact copy, the expR
status of WSM1022 is not known. The effectiveness of Rm8530 (a spontaneous expR+
derivative of Sm1021) was reduced on M. truncatula A17 compared to Sm1021.
Provision of a functional plasmid-borne copy of expR in Sm1021 suggested the likely
cause of the reduced effectiveness of Rm8530 on M. truncatula was the presence of an
intact expR gene.

Due to the instability of the complementation plasmid in

Sm1021(pJNexpR) during symbiosis, it was not possible to definitively establish expR
as the cause of reduced effectiveness in Sm1021. To clarify this situation, inactivation
of expR in Rm8530 should be undertaken.

If expR has the hypothesised role of
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reducing the effectiveness of Sm1021 (and not some other region in the Rm8530
genome), then Rm8530(expR-) should demonstrate an increased effectiveness on M.
truncatula A17, compared to Rm8530.

Pellock et al. (2002) showed that of the four strains that they analysed, Sm1021 and S.
meliloti 102F34 had a disrupted expR. Like Sm1021, S. meliloti 102F34 exhibits a dry
colony morphology but whether this has affected its symbiotic phenotype is not known.
Further, in contrast to Rm8530, an intact copy of expR in WSM419 appears to have no
deleterious effect on its ability to fix N2 with M. truncatula, although inactivation of
expR in WSM419 results in a dry colony phenotype (W. Lee, pers. comm.).
Assessment of the symbiotic properties of S. meliloti 102F34 and a WSM419 expR null
mutant on M. truncatula A17 may well demonstrate whether other strains also respond
to mutations in this gene.

Further work could characterise whether WSM1022

possesses an intact expR and whether the gene is functional. It is probable that expR has
a role in regulating N2 fixation in Sm1021 and Rm8530 but it remains to be seen
whether expR plays a similarly important role in other strains.

Nodulation of M. truncatula-Sm1021 was delayed compared to the effective M. sativaSm1021 interaction and a microarray-based comparison of the response of the Sm1021
transcriptome to the roots of these two hosts demonstrated that many genes were
differentially expressed in these systems. Most of these genes encoded products with
putative functions (electron transporters, ABC transporters, sigma factor) or
hypothetical proteins and further characterisation of these genes regulated differently in
contact with the two root systems would be highly informative.
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Data for the microarray analysis consisted of a single biological sample of each
treatment (i.e. cells harvested from one chamber each of the control, M. sativa and M.
truncatula) with hybridisation of each sample performed in quadruplicate (including
dye-swaps between control and test samples). To increase the confidence with which
these data can be interpreted and to conform with the suggested standards for minimum
information about a microarray experiment (MIAME) conventions (Brazma et al.,
2001), it would be valuable to repeat the experiment with more chambers of each
treatment, thereby increasing the number of biological replicates. In addition, with the
array data already obtained, a range of potential quantitative PCR control genes have
been identified which will assist in the further confirmation of expression levels of
genes of interest (e.g. nex18) in the chamber system.

A β-galactosidase assay of cells exposed to M. sativa roots within the exposure chamber
system confirmed that nod gene-induction was occurring in Sm1021(pRmM57). The
conclusion from the Sm1021 whole-transcriptome analysis was that the absence of
detectable nod transcripts was most likely due to induction occurring at levels below the
two-fold detection limit of the microarray. A key factor in determining the level of nod
gene induction would be the concentration of inducers present, as β-galactosidase
assays with Sm1021(pRmM57) have demonstrated that induction increases with
increasing inducer concentration and that maximal induction can be elicited by inducers
(including luteolin) between 0.1 and 1.0 µM, with concentrations up to 100 µM
resulting in no increase in reporter-gene induction (Maxwell et al., 1989; Peters et al.,
1986). The lower level of induction of Sm1021(pRmM57) exposed to M. sativa roots
compared to 3 µM luteolin was probably a function of inducer concentration. Likewise,
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inducer concentrations may have been too low to induce changes in the transcriptome of
Sm1021 detectable with a microarray approach.

Biologically significant nod gene induction could be defined as the concentration of
inducer required to result in a N2 fixing symbiosis between host and microsymbiont.
No data are available detailing concentrations of inducer compounds from complex root
exudates necessary to induce a biologically significant level of nod gene induction.
Quantitation of the response of rhizobia to varying concentrations of root exudates and
determining the concentration required to form a N2-fixing symbiosis would be
invaluable for future studies of molecular events during early signal exchange.

Further, the analyte of the microarray experiment was mRNA extracted from cells
harvested from the bulk of the root-exposed solution and cells loosely attached to the
plant roots. Using this methodology, cells strongly adhered to the plant root and root
hairs would have been excluded from the sample. These adhered Sm1021 cells, owing
to their proximity to plant cells, may have responded to plant signals with much greater
levels of nod gene induction than the Sm1021 cells in the bulk of the solution.
Therefore, future work could examine the potential role of these adhered bacteria by
removing plant roots from a suspension of bacteria, briefly vortexing them to eliminate
loosely attached bacteria and then grinding roots to extract RNA from bacteria adhered
to the roots. This will result in an RNA sample comprising a large proportion of plant
total RNA as well as target bacterial mRNA. To be technically feasible, it would be
necessary to ensure that plant RNA (extracted from a non-exposed axenic plant source)
did not cross-hybridise with the Sm1021 probe set. If hybridisation did occur, plant
mRNA could be removed using available column extraction kits which target
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polyadenylated eukaryotic mRNA [e.g. Poly(A) PuristTM kit, Ambion].

Such a

microarray analysis should lead to a better understanding of differences in how Sm1021
responds to the roots of M. truncatula and M. sativa. This method may also be useful
for investigating early events during the interaction of Sm1021 with hosts which it does
not nodulate (type 1, M. murex) or those which it nodulates but with which it does not
fix N (type 2, M. polymorpha), as early responses to root exudates and attachmentdependent processes may be important limitations in these associations.

The analysis of change in nodule number over time revealed that the control of nodule
number was not tightly regulated in the M. truncatula-Sm1021 association. In addition,
the number of plant cells infected with Sm1021 bacteroids was reduced compared to
other symbioses examined. Future work will need to focus on events inside the nodule,
infected plant cells and bacteroids. Presumably, nodule N2 fixation activity is a function
of the number of bacteroids per nodule, the rate of activity of bacteroid nitrogenase, and
their longevity of function. A low number of bacteroids per infected plant cell, reduced
nitrogenase activity or shorter bacteroid life-span may indicate symbiotic restrictions on
bacteroid differentiation or function. These parameters need to be quantified for M.
truncatula-Sm1021 and could point to other specific areas of deficiency in this
symbiosis.

The N-feedback model stipulates that when N2 fixation is inadequate to meet the plant’s
needs, nodulation is stimulated by a shoot derived factor; when N2 fixation is adequate,
the acquisition of new nodules is down-regulated (Parsons et al., 1993). The partially
effective M. truncatula-Sm1021 symbiosis seems to fit this model, but the partially
effective M. sativa-WSM419 symbiosis (also a type 4 interaction) did not exhibit the
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same characteristics of an increased number of small, pale nodules widely distributed
across the root system (See Chapter 2). Furthermore, the appearance of nodule initials
with M. sativa-WSM419 was not delayed compared to the effective M. truncatulaWSM419 interaction, and no new nodule initials were observed at 42 dpi on roots of
either plant inoculated with WSM419.

Nodule number has been reported to be higher when N2 fixation is low and can be
observed either with an ineffective strain in conditions devoid of combined nitrogen or
due to Mo or Co-deficiency. Legumes where this increase in nodule number has been
observed include Trifolium subterraneum, Pisum sativum, Lupinus angustifolius and
Glycine max (Lodwig et al., 2003; Robson et al., 1979; Frederick, 1978; Anderson &
Spencer, 1950). However, other reports have noted that Mo-deficiency in Ornithopus
sativus resulted in similar nodule numbers to Mo-supplied plants (Dilworth &
Loneragan, 1991) and that Mo-deficiency decreased nodule number in Vigna mungo
(Anwarulla & Shivashankar, 1987). No published data detail the effect of suboptimally
effective strains on the nodule number of M. sativa. Data from Garau and colleagues
(pers. comm.) suggest that M. sativa does not produce increased numbers of nodules
when nodulated by poorly effective S. meliloti or S. medicae strains, results which are
supported by others (J. Brockwell, pers comm.). Vance (1996) describes three broad
categories for ineffective nodulation where:

1. Nodules are nearly comparable in size and number to those of effective plants, but
where nodules are pale pink (due to reduced leghemoglobin content), bacteroids
aggregate rapidly and early senescence ensues
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2. Nodules are reduced in size, but increased in number compared to effective plants
and are pale, contain few infected plant cells and undergo rapid senescence
3. Nodules are substantially increased in size but reduced in number, as compared to
effective plants, usually contain no leghemoglobin and are filled with starch
granules, rather than bacteria.

M. sativa-WSM419 nodules are consistent with category 1 characteristics as they are
comparable in size and number to effective interactions. However, no evidence of
reduced leghemoglobin content or early senescence was observed in my experiments.
Further work could investigate in detail the leghemoglobin content and time of onset of
senescence in this symbiosis, compared to effective symbioses (such as M. sativaSm1021 or M. sativa-WSM1022) to determine if M. sativa-WSM419 exhibits these
characteristics of ineffective nodulation.

Although no published data characterise types of nodulation when M. sativa is
nodulated by a poorly effective strain, a number of M. sativa mutants have been
isolated which yield a range of ineffective nodulation phenotypes (Egli et al., 1991,
Vance and Johnson, 1983, Peterson and Barnes, 1981, Viands et al., 1979). One
mutation, MnAg(In), results in a greater number of nodules than when the wild type
host is nodulated by the same strain (Vance, 1983; Vance & Johnson, 1983), whereas
the MnSa(In) mutation produces nodules which are comparable to the wild type in size,
shape and number, except for a more rapid onset of senescence (Vance, 1983; Vance &
Johnson, 1983). In contrast, mutations MnNC-3226, MnNC-3811 and MnPL-480 yield
very different nodule morphologies with tumour-like nodules formed which contained
rapidly senescing bacteroids and cortical cells filled largely with starch (Vance, 1983;
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Vance & Johnson, 1983; Viands et al., 1979). Therefore, down-regulation of nodule
acquisition in the symbiosis between M. sativa and WSM419 may mean that Nfeedback regulation is occurring, irrespective of the suboptimal levels of N2 fixation
exhibited by the shoot N-content and dry matter data. Further, this raises the question
of whether some genes in the bacteria are able to either overcome or potentiate the
plant regulation of nodulation response. Clearly, a detailed analysis of the M. sativaWSM419 interaction would be highly informative and improve our understanding of
how N-feedback varies between symbioses.

6.2 Model symbioses need to be effective
Medicago truncatula was chosen as the model indeterminate legume because it has a
small diploid (2n = 16) genome, is self-fertile, is able to be easily transformed by
Agrobacterium spp., is a prolific seed producer and possesses a short generation time
(Frugoli & Harris, 2001; Cook, 1999; Huguet & Prosperi, 1996; Barker et al., 1990).
M. sativa was unsuitable as a model legume as it is an allogamous, autotetraploid
species (2n = 32) giving rise to genetically heterogeneous populations of individuals in
a given cultivar (Zhu et al., 2005; Cook, 1999). However, the M. truncatula-Sm1021
symbiosis is only partially effective for N2 fixation, unlike the traditional effective M.
sativa-Sm1021 interaction. This has implications for future investigations, as molecular
analyses require a reliable benchmark against which to make comparisons and this
suboptimal N2 fixing symbiosis does not fulfil this role. Interestingly, Sprent and James
(2008) recently noted that (as with the M. truncatula-S. meliloti symbiosis) the N2
fixation ability of Mesorhizobium loti strains nodulating the model determinate legume
Lotus japonicus has not been quantified. There are a number of key strains studied,
including M. loti R7A, Tono, NZP2235 and the sequenced MAFF303099 (Kanamori et
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al., 2006; Kaneko et al., 2000). Strain NZP2235 has a reputation in the L. japonicus
research community as nodulating this host well (Kanamori et al., 2006), but there is
little information on the effectiveness of the sequenced MAFF303099 strain. It may
prove valuable to the researchers studying N2 fixation to compare the ability of these
strains to fix N2 with L. japonicus. It could be highly misleading if conclusions about
the factors influencing effective N2 fixation in both determinate and indeterminate
legume types were to be based on systems which, though sequenced, were largely
ineffective.

The greater effectiveness of the M. truncatula-WSM419 symbiosis and the availability
of the WSM419 genome sequence (Genbank accession NC_009636) offer those
studying host–strain interactions the opportunity to work on a highly effective
symbiosis.

The availability of the genome of both Sm1021 and WSM419 strains

presents researchers with a unique opportunity to compare each strain at a molecular
level and to further unravel the factors leading to effective and partially effective
symbioses. However, the M. sativa-WSM419 interaction is only partially effective for
N2 fixation, highlighting that some symbiotic deficiencies are present in WSM419.
Therefore, it may be important to sequence the genome of S. meliloti WSM1022, as this
strain is effective on both M. sativa and M. truncatula hosts.

Ultimately, more strains and more host genome sequences are required to improve our
understanding of symbiosis, and these will help in uncovering a wider range of factors
which determine the effectiveness of N2 fixation. Until more genome sequences are
available, it is important that researchers be clear about the research questions they ask
and understand that it is imperative to know how effective a particular interaction is for
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N2 fixation. If we want our research to matter to agricultural and natural ecosystems, it
is vital that we not lose sight of what happens outside the laboratory. An understanding
of the factors that preclude the establishment of highly effective symbioses can have
significant benefits; in natural ecosystems, it can help us to understand why ineffective
symbiotic interactions exist and why they seem so widespread (Sprent & James, 2008;
Burdon et al., 1999).

In the field, understanding these factors is paramount to

increasing biological nitrogen fixation, reducing combined nitrogen requirements and
thereby obtaining the economic and environmental benefits of a more sustainable
approach to agriculture.
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