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Preface

Agrobacterium may best be known as a genus of bacteria used for transferring
genes to plants. Indeed, the use of Agrobacterium for plant genetic transformation
forms the basis of the modern agricultural biotechnology industry, as well as a
commonly used platform for plant basic research. However, the importance of
Agrobacterium extends far beyond its use as a “gene jockeying” tool.
Agrobacterium can be a serious pathogen of vineyards, orchards for apples,
stonefruits, and nut trees, and nurseries, especially when cultivation requires
grafting, pruning, or in vitro propagation. The appearance of crown galls, a
tumorous disease caused by many strains of Agrobacterium, can seriously decrease
yields or profits because of regulatory restrictions on the movement of infected
plant material.

Agrobacterium is also a model for plant molecular, cellular, and evolutionary
biology, as well as pathogenesis and bacterial ecology. The Agrobacterium Type IV
Secretion System (T4SS) serves as the model for T4SSs of many human and animal
pathogenic bacteria, and components of those cognate T4SSs often use the
Agrobacterium virB nomenclature. The Agrobacterium Type VI Secretion System
(T6SS) was among the first described, and serves as a model for inter-bacterial
warfare. T-DNA transfer from Agrobacterium (and its close relatives) to plants and
fungi represents the only example of extant horizontal gene transfer between
prokaryotes and eukaryotes, and the presence of T-DNA in the genomes of several
plant species suggests that ancient horizontal gene transfer events may have
influenced plant growth and/or developmental processes. This volume describes in
detail these and other aspects of Agrobacterium biology.

The study of Agrobacterium taxonomy and ecology has undergone a revital-
ization. As discussed in the chapter by Gan and Savka, whole genome sequencing
of many members of the Rhizobeaceae has indicated that many alphaproteobacteria
formerly designated Agrobacterium are more closely related to other genus groups,
including Rhizobium. The close relationship among members of the Agrobacterium
and Ensifer/Sinorhizobium groups may be reflected by the ability of many of the
members, under the appropriate conditions, to transfer DNA to plants.
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Agrobacterium species can live in many different environments, including the
soil, the rhizosphere surrounding plant roots, and crown gall tumors. Two chapters,
by Kuzmanovic et al., and Dessaux and Faure, describe how Agrobacterium can
utilize various compounds, including opines synthesized by tumors, to create and
enlarge their ecological niche.

A chapter by Figueroa-Cuilan and Brown describes the unusual mode of polar
cellular growth Agrobacterium uses prior to cell division, and some of the proteins
involved in the growth and division processes. Two chapters, by Matthysse and by
Thompson et al., describe Agrobacterium motility and bacterial surface properties,
including the synthesis and composition of polysaccharides that may mediate
attachment of Agrobacterium to synthetic and plant surfaces. Within the bacterium,
Biran et al. describe how Agrobacterium responds to heat stress, whereas Lee and
Wang discuss Agrobacterium noncoding RNAs and how they may regulate bac-
terial gene expression, including the possible regulation of virulence gene induction
preceding transformation.

Many Agrobacterium strains encode two important protein secretion systems:
The Type VI Secretion System (T6SS) that is used for inter-bacterial “warfare”, and
the type IV secretion system that is used to conjugate plasmids between bacteria or
to transfer T-DNA from Agrobacterium to host eukaryotic cells. Chapters by Wu
et al., and Li and Christie present an overview of these two important systems used
by Agrobacterium to interact with other bacteria in a niche or to genetically
transform plants, respectively.

Agrobacterium is best known as an organism that can genetically transform
plants. Although transformation-associated processes occurring in the bacterium are
reasonably well understood, relatively little is known about events that occur in the
plant host. Three chapters discuss recent work to understand these plant-associated
events. Tu et al. describe some of the latest results regarding the trafficking of
virulence proteins (and perhaps T-DNA) within the plant cytoplasm as they exit the
bacterium and target the nucleus. Singer discusses models of T-DNA integration,
and Willig et al. describe the plant transcriptional response to Agrobacterium
infection. Hooykaas et al. compare and contrast Agrobacterium-mediated trans-
formation of plants with that of yeast and fungi.

Although Genetically Modified Organisms (GMOs) remain controversial, some
plants are naturally transgenic. Diverse members of the Nicotiana family, as well as
Ipomea (sweet potato) and Lineria, contain T-DNA from what must have been an
ancient Agrobacterium infection. Two chapters by Otten and Matveeva describe
this phenomenon, and speculate on how such ancient transformation events may
have affected plant evolution and development.

Agrobacterium-mediated transformation is the most commonly used platform
for the generation of genetically modified plants, but other bacteria can also
transform plants when supplied with the appropriate components, including viru-
lence genes and T-DNA. Lacroix and Citovsky review what is known about
interkingdom horizontal gene transfer by bacterial species other than
Agrobacterium and speculate on how these other species can be used for
biotechnology purposes.
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Transgenic plants have been generated using Agrobacterium-mediated trans-
formation since 1983. With continuing research, Agrobacterium has been harnessed
for biotechnological purposes. Two chapters, by Sardesai and Subramanyam and by
Anand and Jones, describe some of the history associated with the development of
this gene transfer platform. These authors describe the increasing sophistication by
which scientists have used Agrobacterium for generating transgenic plants, and
how Agrobacterium is currently being used to deliver reagents for intricate and
precise plant genome modification.

I am grateful to all the authors for the considerable work they put into writing
these chapters, and to all my Agrobacterium colleagues and mentors who have, in
the space of only about 40 years, brought the understanding of Agrobacterium
biology so far.

West Lafayette, USA Stanton B. Gelvin
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Abstract This chapter presents a historical overview of the development and
changes in scientific approaches to classifying members of the Agrobacterium
genus. We also describe the changes in the inference of evolutionary relationships
among Agrobacterium biovars and Agrobacterium strains from using the 16S rRNA
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marker to recA genes and to the use of multilocus sequence analysis (MLSA).
Further, the impacts of the genomic era enabling low cost and rapid whole genome
sequencing on Agrobacterium phylogeny are reviewed with a focus on the use of
new and sophisticated bioinformatics approaches to refine phylogenetic inferences.
An updated genome-based phylogeny of ninety-seven Agrobacterium tumefaciens
complex isolates representing ten known genomic species is presented, providing
additional support to the monophyly of the Agrobacterium clade. Additional taxon
sampling within Agrobacterium genomovar G3 indicates potential exceptions to
interpretation of the concept of bacterial genomics species as ecological species
because the genomovar G3 genomic cluster, which initially includes clinical strains,
now also includes plant-associated and cave isolates.

1 Introduction

Since the first uses of DNA sequences to classify relationship among bacterial
strains became routine (Janda and Abbott 2007; Stackebrandt and Goebel 1994),
new and increasing amounts of single-copy protein-coding DNA markers have been
employed to revaluate and revise the taxonomy of Agrobacterium. Phylogenetic
analyses based on increased taxon and gene sampling have led to the reclassifi-
cation of the traditional Agrobacterium biovars 1 and 3 to two new genera
(Costechareyre et al. 2010; Mousavi et al. 2014). With the now common practice of
sequencing whole bacterial genomes, large data sets are increasingly available, and
these sequences have become linked to more sophisticated approaches to analyse
data using multiple and linear bioinformatical approaches. These approaches have
provided new and improved insight into the evolutionary relationships among
Agrobacterium species. In this review chapter, we first provide a historical over-
view of the molecular systematics of the genus Agrobacterium which led to an
intense debate among the scientific community during the 16S rRNA era. We next
review changes to the Agrobacterium taxonomy which is gradually embraced by
the scientific community in the light of more recent and refined phylogenetic
analyses using improved gene and taxon sampling. The unprecedented genetic
information about Agrobacterium derived from the advent of next-generation
sequencing and its impacts on the inference and delineation of Agrobacterium at the
strain level is summarized. We also provide a genome-based phylogeny of
ninety-seven Agrobacterium tumefaciens complex isolates, representing a signifi-
cant increase in taxon sampling compared to a previous phylogenomic study
(Ormeno-Orrillo et al. 2015). The validity of bacterial genome species being eco-
logical species (Lassalle et al. 2011) is briefly assessed and discussed in the light of
new phylogenomic inferences and observed ecological niche diversity among
recently sequenced strains belonging to Agrobacterium genomovar 3.
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2 Pre-2006 Agrobacterium Taxonomy

The use of 16S rRNA sequence as a genetic marker for microbial taxonomy
brought about both chaos and order within the taxonomy of Agrobacterium. The
availability of universal 16S rRNA primers and the inherent high copy number of
16S rRNA in most bacterial genomes are two of the main attributes promoting the
inclusion of the 16S rRNA sequence as part of the developed polyphasic taxonomy
for bacteria (Janda and Abbott 2007; Woo et al. 2008). Furthermore, the high
sequence conservation of the 16S rRNA gene makes it a very powerful genetic
marker when inferring deep relationships. However, at the species or genus level,
the use of the 16 s rRNA gene to discriminate among species tends to be modest if
not inferior to other universal genetic markers (Kisand and Wikner 2003;
Stackebrandt and Goebel 1994).

It is important to note that 16S rRNA gene substitution rates appear to vary
among different groups of bacteria (Ochman et al. 1999; Smit et al. 2007). In other
words, if the 16S rRNA gene substitution rates are lower in the family
Rhizobiaceae, this will translate into low 16S rRNA gene nucleotide divergence
and/or phylogenetic signals among members of the Rhizobiaceae. This may neg-
atively affect phylogenetic interpretation, raising doubts about the veracity of their
inferred evolutionary relationships. An initial proposal by Young et al. (2001) to
incorporate all species of Agrobacterium and Allorhizobium into the genus
Rhizobium due to the lack of concordance between DNA hybridization, biochem-
ical traits, and fatty acid profiles among members of the described genera sparked
an intense response from the scientific community (Farrand et al. 2003; Young et al.
2001). Farrand et al. (2003) claimed that members of the genus Agrobacterium and
Rhizobium can be distinguished based on chromosomal structure and phenotype (as
an individual species but not genera). Young et al. (2001) replied to Farrand et al.
(2003) defending the initial proposal in addition to highlighting that the proposal is
in accordance with the rules/codes set out by the International Code of
Nomenclature of Bacteria. Young et al. (2001) further cautioned that bending the
codes to retain the genus Agrobacterium may trigger a potential return to unreg-
ulated and chaotic bacterial nomenclature. The initial classification of
Agrobacterium species based on their pathogenicity has been problematic, as it is
now well established that the virulence factors are usually encoded on plasmids and
some of these can even be lost relatively easily through growth at elevated tem-
perature (Genetello et al. 1977). For further reading on the change and development
in Agrobacterium taxonomy until 2006, we direct reader to a comprehensive review
by Young (2008).
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3 Alternative Views of the Agrobacterium Phylogeny

3.1 The recA Gene as an Alternative Genetic Marker to 16S
rRNA for Inferring Agrobacterium Phylogeny

The recA gene encodes a multifunctional and important enzyme involved in
homologous recombination and DNA repair (Kowalczykowski et al. 1994). A recA
mutant is therefore characterized by its high sensitivity to UV light in addition to
being recombination-deficient, a desirable trait for genetic studies involving
trans-complementation of mutations located on a chromosome or plasmid (Kanie
et al. 2007; Kuzminov and Stahl 1997). The importance of a recA mutant is well
recognized among Agrobacterium geneticists, leading to the construction of strains
LBA4301 and UIA143, recA mutants of Agrobacterium tumefaciens AchS, and
Agrobacterium tumefaciens C58, respectively (Farrand et al. 1989). Beyond
molecular genetics, the recA gene is also well known in molecular systematics
(Lloyd and Sharp 1993) and has been incorporated as one of the main genes for
multilocus typing (MLSA) (Bennasar et al. 2010; Delamuta et al. 2012; Huo et al.
2017; Martens et al. 2008; Menna et al. 2009; Sakamoto and Ohkuma 2011).
Phylogenetic analysis based on the recA gene of 138 strains from 13 genomic
species of Agrobacterium lends support to the use of this marker gene for speciation
of the genus Agrobacterium (Costechareyre et al. 2010). Genomic species is a
concept of bacterial species based on similarities among bacterial chromosomal
DNAs as determined by DNA-DNA hybridization or alternatively by in silico
calculation of pair-wise average nucleotide identity (ANI) using whole genome
sequences (Konstantinidis et al. 2006; Stackebrandt and Goebel 1994). A genomic
species is defined as a group of bacterial strains with DNA-DNA reassociation
values of more than 70%, which corresponds closely to ~95% ANI
(Konstantinidis et al. 2006). A recA-based phylogenetic analysis indicates that
Agrobacterium biovar 2, typically represented by Agrobacterium rhizogenes, and
biovar 3 represented by Agrobacterium vitis are distantly related to Agrobacterium
biovar 1. In addition, inclusion of recA sequences from several Rhizobium type
strains in the analysis showed a stronger affiliation of Agrobacterium rhizogenes
and Agrobacterium vitis to the Rhizobium clade.

3.2 Four (or Six) Is Better Than One: Refining
and Revising the Agrobacterium Genus Through
Multilocus Sequence Analysis (MLSA)

Phylogenetic tree construction based on six protein-coding housekeeping
genes consisting of ATP synthase F1, beta subunit (azpD), glutamine synthetase
type I (ginA), glutamine synthetase type II (glnll), recombinase A (recA), RNA
polymerase beta subunit (rpoB), and threonine synthase (thrC) from 114 rhizo- and
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agrobacteria reinforced the monophyly of the genus Agrobacterium which was
previously reestablished based on the recA gene. In addition to resolving other
pending taxonomic issues related to the family Rhizobiaceae, the substantial
increase in gene and taxon sampling also lent support to the reclassification of
Agrobacterium vitis to an existing genus Allorhizobium (Mousavi et al. 2014).
Once belonging to three different biovars of the same genus, the phythopathogenic
Agrobacterium tumefaciens, Agrobacterium vitis (now Allorhizobium vitis), and
Agrobacterium rhizogenes (now Rhizobium rhizogenes) now belong to three
different genera. Furthermore, with the creation of the genus Neorhizobium which is
a sister group to Agrobacterium, Agrobacterium can now remain a suitable genus
name for a monophyletic clade within the Rhizobiaceae family. A follow-up
study based on three housekeeping genes and the 16S rRNA gene again sup-
ported the monophyly of the revised Agrobacterium clade in addition to expand-
ing the membership of the genus Allorhizobium to include R. taibanshenase,
R. paknamense, R. oryzae, R.psuedoryzae, R. gilianshanense, and R. borbori.
However, in contrast to a previous study based on six housekeeping genes, a sister
grouping of Agrobacterium—Neorhizobium was not observed. The Agrobacterium
clade instead shared a sister grouping with the R. aggregatum complex (Mousavi
et al. 2015). Mousavi et al., however, did not suggest the reclassification of
members from the R. aggregatum complex to the genus Agrobacterium as members
of this sister clade, citing the lack of Agrobacterium-specific genome architecture
(linear chromosome and the presence of the protelomerase-coding gene, felA
(Ramirez-Bahena et al. 2014).

4 Agrobacterium and the Genomic Era

4.1 Pre-next-Generation Sequencing Period

Whole genome sequencing provides an unprecedented view into the evolutionary
relationships of microorganisms. With a repertoire of single-copy and
near-universal genes, usually in the range of hundreds, that can be used for phy-
logenetic inference, there is no longer a limitation to gene sampling, one of the main
requirements for accurate phylogenetic analysis (Hedges 2002; Rosenberg and
Kumar 2003). Agrobacterium tumefaciens C58 (now Agrobacterium fabrum C58)
is the first Agrobacterium strain to have its complete genome sequenced by two
separate research groups using conventional Sanger sequencing (Goodner et al.
2001; Wood et al. 2001) and subsequently revised with improved annotation (Slater
et al. 2013). Approximately nine years later, the complete genome for members
from the remaining two biovars, e.g. Agrobacterium vitis (biovar 3, now
Allorhizobium vitis) and Agrobacterium radiobacter (biovar 2, now Rhizobium sp.;
Slater et al. 2009), was reported. In addition, for the first time a high-resolution
phylogeny of Agrobacterium was constructed based on the concatenated protein
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alignment of 507 single-copy orthologous gene families encoded on the primary
chromosomes. Phylogenetic clustering patterns indicated that biovar 2 should be
grouped to the genus Rhizobium, whereas biovar 3 and biovar 1 are still members of
the Agrobacterium genus. The limited taxon sampling resulting from the high cost
of whole genome sequencing at the time unfortunately prevented Slater et al. (2009)
from inferring the delineation of biovar 3 and biovar 1 into two separate genera.

4.2 Next-Generation Sequencing and Agrobacterium

The advent of next-generation sequencing brought about a revolution in microbial
genomics by enabling the whole genome sequence of a pure culture to be obtained
at a small fraction of the cost and time initially required by Sanger sequencing
(MacLean et al. 2009; Metzker 2010). Coupled with advances in algorithms for
quick and accurate microbial genome assembly and annotation (Bankevich et al.
2012; Seemann 2014), the scientific community is now blessed with an explosion
of publicly available microbial genomic resources which naturally invite a new
investigation of the phylogeny of Agrobacterium. Ormeno-Orrillo and workers
used a sophisticated and reproducible bioinformatics pipeline (Segata et al. 2013) to
reconstruct the Agrobacterium phylogeny based on the concatenated alignment of
384 universal proteins identified from 113 sequenced strains from the family
Rhizobiaceae (Ormeno-Orrillo et al. 2015). In contrast to the previously inferred
whole genome phylogeny, Agrobacterium vitis S4 no longer formed a tight cluster
with Agrobacterium tumefaciens C58. Instead, the increased taxon sampling sup-
ported previous recA and MLSA-based analyses indicating the monophyletic
clustering of Agrobacterium vitis S4 with members of the genus Allorhizobium such
as Allorhizobium undicola (de Lajudie et al. 1998), lending further support to the
revival of Allorhizobium as a genus within the Rhizobiaceae (Mousavi et al. 2014).
By reclassifying Agrobacterium biovars 2 and 3 into separate genera (Mousavi
et al. 2014, 2015; Velazquez et al. 2010), a monophyletic cluster consisting solely
of members from the genus Agrobacterium can be obtained with maximal support,
indicating that at the genomic level, Agrobacterium is a definable genus of the
family Rhizobiaceae (Ormeno-Orrillo et al. 2015). The author noted, however, the
exclusion of an important Agrobacterium genome, e.g. Agrobacterium radiobacter
NCPPB 3001 = DSM30147"  (accession number ASXYOl, Bioproject
PRINA212112; Zhang et al. 2014) from their analysis, citing unusual genomic
anomalies such as low sequence homology (<97%) to some of its published gene
sequences. Leveraging the recent availability of key Agrobacterium species gen-
omes, Kim and Gan (2017) performed a smaller scale phylogenomic analysis of the
genus Agrobacterium showing the monophyletic clustering of A. tumefaciens B6
and A. radiobacter NCPPB 3001" = DSM30147" with high pair-wise ANI value
(>95%), providing conclusive genomic evidence that both strains are identical
species (Kim and Gan 2017).
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4.3 Updating the Agrobacterium Phylogeny in the Light
of More Publicly Available Genomic Resources

In this chapter, we present an updated phylogeny of Agrobacterium and more
generally the Rhizobiaceae using a similar PhyloPhlAn approach implemented by
Ormeno-Orrillo et al. (2015). PhyloPhlAn is a bioinformatics pipeline which takes
the predicted proteomes from multiple microbial strains in fasta format as input and
uses an ultra-fast protein similarity search (Edgar 2010) to identify more than 400
single-copy and conserved proteins within each predicted proteome. The identified
proteins are aligned individually using MUSCLE (Edgar 2004), concatenated, and
used for maximum likelihood tree reconstruction with FastTree2 (Price et al. 2010).
Consistent with previous reports, a cluster consisting of mainly Agrobacterium
strains could be recovered with maximal support, with Agrobacterium rubi and
Agrobacterium larrymoorei being basal to the rest of Agrobacterium (Figs. 1 and 2).
The presence of a substantial number of Rhizobium strains in the Agrobacterium
clade (Fig. 2) is an aftermath of Young et al.’s initial proposal (2001) for merging
Agrobacterium with the genus Rhizobium. In addition, the phylogenetic placement
of A. radiobacter DSM 301477 basal to the rest of agrobacteria genomovar 4, which
now includes a more recent and improved genome of A. radiobacter DSM 30147"
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Fig. 1 Reconstruction of the Rhizobiaceae phylogeny using maximum likelihood inference based
on the concatenated amino acid alignment of universal single-copy genes as implemented in the
PhyloPhlAn pipeline (Segata et al. 2013). Members of the family Sphingomondaceae were rooted
as the outgroup. Values along branch indicate SH-like aLRT support values (Shimodaira and
Hasegawa 1999) calculated using FastTree2 (Price et al. 2010)
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suggesting a genome assembly anomaly as previously noted (Ormeno-Orrillo et al.
2015). Another notable anomaly revealed by increased taxon sampling is the
unexpected clustering of strain LBA4404, a disarmed derivative of the wild-type
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«Fig. 2 Expanded Agrobacterium clade from Fig. 1 depicting the evolutionary relationships among
Agrobacterium strains. First text strings are the WGS accession numbers, and the first letters after
the strings represent the submitted genus name (R = Rhizobium; A = Agrobacterium). Taxon
name is as per species name deposited into the NCBI whole genome shotgun database. Taxa
coloured green: Agrobacterium rubi; taxa coloured red: Agrobacterium tumefaciens; taxa coloured
blue: Agrobacterium fabrum. Nodes were coloured according to their SH-like local support values,
and genomic species clusters were indicated by the vertical lines or arrows next to the tree.
Asterisk signs indicate taxa that were included in a previous large-scale phylogenomic analysis by
Ormeno-Orrillo et al. (2015). The tree was constructed using a whole genome-based (400 universal
single-copy genes) approach

Ach5 Tn904 mutant (strain LBA4213), with members from the genovar 8 containing
Agrobacterium fabrum C58 (Ooms et al. 1982). Recently, both strains AchS and
LBA4213 have been sequenced by two independent groups (Henkel et al. 2014;
Huang et al. 2015) and in contrast to strain LBA4404, both strains resided in the
genomovar 1 clade, forming a monophyletic group. Given the known divergence
between strain Ach5 and strain C58, this strongly indicates that the currently
deposited whole genome sequence of strain LBA4404 is incorrect and warrants
future investigation. The abnormal phylogenetic placement of strain LBA4404 was
similarly observed but not explicitly mentioned in a study by Ormeno-Orrillo et al.
(2015). Clustering based on genospecies is apparent; albeit the relationships among
some of the genospecies are not strongly supported, suggesting the limitation of
amino acid-based phylogenomic analysis for fully resolving strain, subspecies, and/
or species-level relationships similarly observed in a recent genome-based phy-
logeny of Pseudomonas (Tran et al. 2017). To infer accurately the phylogeny of the
currently well-supported Agrobacterium clade, future work utilizing the newly
published phylogenetic-aware pan-genome analysis tool (Ding et al. 2017) to
improve the recovery of core Agrobacterium single-copy genes, coupled with
complementary analysis based on pair-wise average nucleotide identity
(ANI) (Richter et al. 2016), will be instructive.

5 Genomic Species Within Agrobacterium

Traditionally, genome—genome hybridization has been used to establish genomic
relatedness among strains, and a hybridization ratio of approximately 70% between
two strains usually indicates a species-level relationship (Wayne et al. 1987;
Stackebrandt et al. 2002). Average nucleotide calculation (ANI) is becoming
increasingly popular for in silico species delineation in the light of genomic data
availability. An initial genomic comparison indicated 95% pair-wise ANI as cor-
related with 70% DNA-DNA hybridization (DDH), and this correlation was con-
sistently observed in various subsequent studies (Auch et al. 2010; Colston et al.
2014). Using the established 70% DDH criterion in addition to a follow-up vali-
dation based on mathematical models and amplified fragment length polymorphism
(AFLP) data, members within the Agrobacterium tumefaciens complex were
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classified into ten distinct genomic species with a non-continuous genomovar
numbering, e.g. G1-GY followed by G13, as a consequence of the reclassification
of some initially established genomovars to a different genus, e.g. Agrobacterium
rhizogenes (genomovar 10) to Rhizobium rhizogenes or to a greater extent
Agrobacterium clade, e.g. Agrobacterium rubi (genomovar 11; clade 2 in Fig. 2).
To date, most of the genomovars have not received official Latin binomials due to
the lack of differentiating biochemical features that are traditionally used to describe
new bacterial species. Lassalle et al. (2011) took one of the first initiatives to
differentiate the Agrobacterium tumefaciens species complex by identifying the
gene repertoire specific to Agrobacterium genospecies 8§ which includes strain C58,
a widely used strain among Agrobacterium geneticists that has had its genome
sequenced and annotated. By comparing the C58 genome against 25 strains from
different Agrobacterium genospecies based on hybridization to DNA microarrays
spanning the whole genome of strain C58, genes relevant to the speciation and
ecological isolation of genomovar G8 were identified. Phenotypic traits specific to
genomovar G8 initially inferred from microarray data, such as ferulic acid degra-
dation and curdlan production, were subsequently validated using HPLC and
Congo red assays, respectively. As a result, the species name Agrobacterium fab-
rum was suggested for strains of Agrobacterium genomovar G8, from the Latin
plural genitive of smith, in reference to the pioneer isolator of an Agrobacterium
strain (Smith and Townsend 1907).

Based on identification of a gene repertoire unique to genomovar G8 that is
associated with commensal interactions with plants, and by citing several similar
studies linking ecological niche and genomic species beyond the genus
Agrobacterium (Cai et al. 2009; Johnson et al. 2006; Lefébure et al. 2010;
Porwollik et al. 2002), Lassalle et al. (2011) suggested the generalization of the
concept of bacterial genomic species as ecological species. A potential exception to
this generalization is currently emerging within Agrobacterium genomovar G3. The
Agrobacterium genomovar G3 initially consisted of strains isolated from clinical
environments, e.g. human host and antiseptic flask (Popoff et al. 1984). However,
based on the newly constructed phylogenomic tree, in addition to the classical
Agrobacterium sp. CFBP 6623, the agrobacteria G3 clade now consists of strains
LC34, SUL3, and Root651 which were isolated from a diverse and non-clinical
environment. Notably, Agrobacterium sp. LC34 originated from the rock surface of
the Lechuguilla Cave which has been isolated from humans for over four million
years (Bhullar et al. 2012), an environment that substantially differs from that of
strain CFBP 6623. On the contrary, Agrobacterium sp. Root651 may share a similar
ecological niche with that of G8 agrobacteria given that it is a member of the
Arabidopsis plant root microbiota (Bai et al. 2015). Agrobacterium sp. SUL3 was
isolated from a laboratory culture of the hydrocarbon-producing Botryococcus
braunii, a non-plant photosynthetic organism (green microalga; (Jones et al. 2016).
Taken together, it will be hard to convince microbial ecologists that members of the
Agrobacterium genomovar G3 are a single ecological species despite their high
genomic relatedness.
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6 Concluding Remarks

The progress of using whole genome sequence data for establishing relatedness
among members of the Rhizobiaceae family is presented. As additional whole
genome sequences of these members are elucidated, further insight into the com-
plex phylogeny of Agrobacterium will become available. Further and rigorous
analysis of large data sets will validate or further contest the concept of bacterial
genomic species as ecological species.
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Abstract Agrobacterium vitis is the primary causal agent of grapevine crown gall
worldwide. Symptoms of grapevine crown gall disease include tumor formation on
the aerial plant parts, whereas both tumorigenic and nontumorigenic strains of
A. vitis cause root necrosis. Genetic and genomic analyses indicated that A. vitis is
distinguishable from the members of the Agrobacterium genus and its transfer to
the genus Allorhizobium was suggested. A. vitis is genetically diverse, with respect
to both chromosomal and plasmid DNA. Its pathogenicity is mainly determined by
a large conjugal tumor-inducing (Ti) plasmid characterized by a mosaic structure
with conserved and variable regions. Traditionally, A. vitis Ti plasmids and host
strains were differentiated into octopine/cucumopine, nopaline, and vitopine
groups, based on opine markers. However, tumorigenic and nontumorigenic strains
of A. vitis may carry other ecologically important plasmids, such as tartrate- and
opine-catabolic plasmids. A. vifis colonizes vines endophytically. It is also able to
survive epiphytically on grapevine plants and is detected in soil exclusively in
association with grapevine plants. Because A. vitis persists systemically in symp-
tomless grapevine plants, it can be efficiently disseminated to distant geographical
areas via international trade of propagation material. The use of healthy planting
material in areas with no history of the crown gall represents the crucial measure of
disease management. Moreover, biological control and production of resistant grape
varieties are encouraging as future control measures.

1 Introduction

Agrobacterium vitis (i.e., Agrobacterium biovar 3) is considered one of the most
significant and destructive bacterial pathogens of grapevine worldwide. This bac-
terium is the primary causal agent of crown gall of grapevine (Vitis vinifera) (Burr
et al. 1998; Burr and Otten 1999). However, tumorigenic strains belonging to the
Agrobacterium tumefaciens complex (i.e., Agrobacterium biovar 1/Agrobacterium
tumefaciens) and Rhizobium rhizogenes (i.e., Agrobacterium biovar 2/Agrobacterium
rhizogenes) are occasionally associated with disease (see below Sect. 6.3).

Typical symptoms of grapevine crown gall disease include tumor formation on
the aerial plant parts, unlike symptoms on most other hosts of tumorigenic
agrobacteria. A. vitis also causes root necrosis on grapevines (Burr et al. 1987a).
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To our knowledge, the first report on grapevine crown gall was made by Fabre
and Dunal (1853) describing the disease in France. The infectious nature of this
bacterium as a causal agent of grapevine crown gall was demonstrated by Cavara
(1897) in Italy. However, at that time A. vitis was not established as a separate
species. The evolution of classification and nomenclature of A. vitis will be
reviewed in the next section referring to the taxonomy of A. vitis (see below
Sect. 2).

Crown gall of grapevine is an economically important plant disease and is
particularly serious in regions prone to temperatures that cause freeze injuries to
dormant trunks and canes. Potential economic losses in replant and wine sales over
a six-year period are calculated to be notably high (Stewart et al. 2013). The disease
reduces the vigor and yield of infected plants by up to 40% depending on the extent
of infection (Schroth et al. 1988). Severe infections can lead to dieback of canes or
whole plants. Crown gall is especially destructive when the graft union is affected.
Serious economic losses occur especially in nurseries because grafted grapevines
with visible symptoms are unmarketable and are generally discarded. Moreover,
both tumorigenic and nontumorigenic strains of A. vitis may negatively affect
graft strength and subsequent nursery production and vineyard establishment (Hao
et al. 2017).

2 Taxonomy of A. vitis

A. vitis belongs to the family Rhizobiaceae, order Rhizobiales, class
Alphaproteobacteria. As with related species of the Agrobacterium and Rhizobium
genera, A. vitis is an aerobic, nonsporeforming, Gram-negative, rod-shaped bac-
terium with peritrichous flagella (Young et al. 2005). In general, A. vitis grows
optimally at 25-28 °C and produces copious amounts of extracellular polysac-
charide slime on carbohydrate-rich media.

Initially, tumorigenic strains exclusively isolated from grapevine were defined as
an atypical group that could not be classified to Agrobacterium biovar 1 or biovar 2
(Panagopoulos and Psallidas 1973). These atypical strains were subsequently
classified to Agrobacterium biovar 3 (biotype 3) based on biochemical and phys-
iological properties (Kerr and Panagopoulos 1977; Panagopoulos et al. 1978; Siile
1978). Agrobacterium biovar 3 could also be differentiated by serological analysis
using monoclonal antibodies (Bishop et al. 1989). Finally, Ophel and Kerr (1990)
formally described a new species A. vitis (vi’tis. L. n. Vitis, generic name of
grapevines) based on polyphasic characterization of biovar 3 strains. However, it
was recently shown that A. vitis is phylogenetically distinguishable from
Agrobacterium spp. by using multilocus sequence analysis (MLSA), and its transfer
to the revived genus Allorhizobium was suggested (Mousavi et al. 2014, 2015).
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Moreover, A. vitis has a different organization of genetic material compared to that
of the genus Agrobacterium (see below Sect. 4.1), which also supports its dis-
tinctiveness (Ramirez-Bahena et al. 2014).

In recent years, genomics has significantly impacted the taxonomic status of
bacteria. In particular, by using quantitative whole-genome comparison methods
which include calculation of average nucleotide identity (ANI; Richter and
Rossello-Mora 2009) and in silico DNA-DNA hybridization (isDDH) values
(Meier-Kolthoff et al. 2013), it is possible to delineate prokaryotic species
boundaries. Moreover, whole-genome-based phylogeny allows generation of highly
robust phylogenetic trees based on large nucleotide or amino acid datasets. In this
regard, whole-genome-based phylogeny based on 384 protein sequences conserved
in the chromosomes also suggested that A. vitis represents a species distinct from
Agrobacterium spp. and is more similar to Allorhizobium undicola (Ormefio-Orrillo
et al. 2015). Moreover, our results based on genome comparisons (ANI and isDDH)
of different A. vitis strains indicate that A. vitis is not a homogenous species but a
species complex comprising at least three genomic species (unpublished data).
Type strain K309 represents genomic species G1, whereas the well-known strains
AB4 and S4 are representatives of genomic species G2 and G3, respectively. They
all have similar average GC contents, ranging from 57.5 to 57.6%. Therefore, the
taxonomy of A. vitis requires further elucidation.

3 Geographic Distribution of A. vitis

The geographic distribution of A. vitis generally reflects that of its host grapevine.
So far, the presence of the pathogen has been reported in Australia (Ophel et al.
1988), Brazil (De Oliveira et al. 1994), Bulgaria (Genov et al. 2006a), Canada
(Dhanvantari 1983), China (Ma et al. 1987), Egypt (Tolba and Zaki 2011), France
(Ridé et al. 2000), Germany (Bien et al. 1990), Greece (Panagopoulos and Psallidas
1973), Hungary (Siile 1978), Italy (Bini et al. 2008b), Japan (Sawada et al. 1990),
Jordan (Al-Momani et al. 2006), Iran (Mohammadi and Fatehi-Paykani 1999),
Israel (Haas et al. 1991), Portugal (Nascimento et al. 1999), Russia (Ignatov et al.
2016), Serbia (Kuzmanovié¢ et al. 2014), Slovenia (Zidari¢ 2009), South Africa
(Loubser 1978), South Korea (Lim et al. 2009), Spain (Lépez et al. 1988), Tunisia
(Chebil et al. 2013a), Turkey (Argun et al. 2002), and the USA (Burr and Hurwitz
1981) (Fig. 1). Although to the best of our knowledge, official reports have not
been made, tumorigenic A. vitis strains originating from Afghanistan, Croatia,
Moldova, Montenegro, Morocco, and Poland were included in some studies,
confirming the presence of the pathogen in these countries (Kerr and Panagopoulos
1977; McGuire et al. 1991; Bini et al. 2008b; Kuzmanovi¢ et al. 2015). The
pathogen is most likely present in more countries although, to the extent of our
knowledge, this is not yet documented in the literature.
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Fig. 1 Geographic distribution (marked in yellow) of A. vitis according to the data documented in
the literature

4 Genetic Characteristics and Diversity of A. vitis

4.1 Genome Organization of A. vitis

A. vitis has genome architecture that includes two circular chromosomes and a
variable number of plasmids (Jumas-Bilak et al. 1998; Tanaka et al. 2006; Slater
et al. 2009). On the other hand, members of the genus Agrobacterium are charac-
terized by the presence of a circular chromosome and a linear chromosome
(Allardet-Servent et al. 1993; Jumas-Bilak et al. 1998; Slater et al. 2009; Slater et al.
2013; Ramirez-Bahena et al. 2014). Strain S4 was the first A. vitis strain with a fully
sequenced genome and so far the only one with high-quality, complete, and pub-
lished chromosome and plasmid sequences (Slater et al. 2009). The genome of strain
S4 contains two circular chromosomes and five plasmids. Plasmids play a substantial
role in the pathogenicity and ecology of agrobacteria and rhizobia. The number of
plasmids in tumorigenic strains of A. vitis may range from 2 to 5 (Perry and Kado
1982; Albiach and Lopez 1992). Their pathogenicity is primarily determined by a
large conjugal tumor-inducing (Ti) plasmid. Besides the Ti plasmid, A. vitis may also
carry other ecologically important plasmids, such as tartrate-catabolic plasmids and
opine-catabolic plasmids (see below Sects. 4.3, 4.4 and 4.5).

4.2 Genetic Diversity of A. vitis

Knowledge of genetic variation and the relatedness between strains are of crucial
importance, particularly in epidemiological studies and for a better understanding of
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the ecology and evolution of the pathogen. For this reason, the diversity of A. vitis
was investigated both in terms of chromosomal and plasmid DNA. Here, we will
focus on the genetic variation of chromosomal DNA, whereas the diversity of A.
vitis plasmids will be discussed separately in the next section.

Overall, numerous studies demonstrated that A. vitis is genetically very diverse.
A number of genetic groups were differentiated by analyzing populations of A. vitis
in Australia (Gillings and Ophel-Keller 1995), Bulgaria (Genov et al. 2006b),
Germany (Schulz et al. 1993), Iran (Rouhrazi and Rahimian 2012b), Japan
(Kawaguchi et al. 2008b), Serbia (Kuzmanovi¢ et al. 2014, 2015), Spain
(Palacio-Bielsa et al. 2009b), USA (Irelan and Meredith 1996; Otten et al. 1996b;
Momol et al. 1998; Burr et al. 1999), and Turkey (Argun et al. 2002; Canik Orel
et al. 2016). Moreover, strains isolated from the same locality and grapevine cul-
tivar may belong to different genetic clusters (Kuzmanovi¢ et al. 2015).

Methods targeting sequences distributed throughout the whole genome, such as
restriction analysis of total genomic DNA, as well as by PCR-based methods such
as repetitive sequence-based PCR (rep-PCR) and randomly amplified polymorphic
DNA (RAPD), allow comparison of closely related strains and assessment of
clonality among them, which is particularly valuable in epidemiological studies.
Additionally, the 16S-23S rRNA internal transcribed spacer (ITS) region is highly
variable and therefore suitable for estimating epidemiological relationships among
strains. Interestingly, Bautista-Zapanta et al. (2009) reported the existence of
intercistronic heterogeneity of the 16S-23S rRNA ITS region among some A. vitis
strains. However, the frequency of this phenomenon among a broader collection of
A. vitis strains is unknown.

By applying the methodologies mentioned above, grouping of A. vitis strains
isolated worldwide did not reflect the geographic origin of the strains. Some
homogenous genetic groups were comprised of strains isolated in different countries
and even different continents (Gillings and Ophel-Keller 1995; Otten et al. 1996b;
Momol et al. 1998; Kuzmanovi¢ et al. 2014, 2015), which is consistent with the
main means of spread of A. vifis via grapevine propagation material.

The 16S rDNA is a widely used phylogenetic marker for classification and
discrimination of bacteria. However, it generally lacks the resolution power to
discriminate among strains at the intraspecies or even intragenus level. Indeed, 16S
rDNA sequences of A. vitis-type strain K309 and strain S4 differ by only one
nucleotide (Otten et al. 1996a), although whole-genome comparisons suggest that
they belong to different genomic species (Kuzmanovié¢, unpublished). The 16S
rDNA sequences of various A. vitis strains isolated in Spain also differed by one or
two nucleotides at the same position (Palacio-Bielsa et al. 2009b). On the other
hand, housekeeping genes, which are responsible for basic cellular functions and
are relatively conserved on chromosomes, are particularly suitable markers for the
assessment of phylogenetic relatedness among bacteria (Gevers et al. 2005). They
were therefore exploited for analyzing A. vitis strains originating from various
geographic locations (Kawaguchi et al. 2008b; Kuzmanovi¢ et al. 2015). Sequence
analysis of dnakK, gyrB, and recA housekeeping genes was employed to characterize
a representative collection of A. vitis strains originating from several European
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countries, Africa, North America, and Australia (Kuzmanovi¢ et al. 2015).
Nucleotide sequence analysis indicated high genetic diversity among the strains
studied and suggested the presence of recombination events in A. vitis, particularly
affecting the dnaK locus. Phylogeny based on recA gene sequences revealed four
main phylogenetic groups among the A. vitis strains studied. Strains K309, AB4,
and S4 were clustered in separate phylogenetic groups (Kuzmanovi¢ et al. 2015),
which was in accordance with whole-genome comparisons mentioned above and
suggested that they belong to three different genomic species within A. vitis.

4.3 Ti Plasmids

As for other agrobacteria, the Ti plasmid of A. vitis carries the primary genes
required for pathogenicity and can determine the host range of the pathogen (host
range is further discussed in Sect. 5.3). The size of the Ti plasmid is approximately
200 kbp (Table 1). The Ti plasmid consists of the following functional elements:
transferred DNA (T-DNA), virulence (vir) region, opine catabolism genes, repli-
cation (rep) region, and conjugative transfer genes (¢ra and trb loci). T-DNA carries
genes responsible for production of plant hormones and tumor induction (onco-
genes), and genes encoding biosynthesis of low molecular weight molecules termed
opines (more details are given in Sect. 5.1).

Ti plasmids belong to the repABC family of megaplasmids and encode two
independent type IV secretion systems (T4SSs; Suzuki et al. 2009; Pappas and
Cevallos 2011; Christie and Gordon 2014). The first T4SS system (vir) is
responsible for processing and transfer of T-DNA from the bacterium to host plant
cells, whereas the second (tra/trb) mediates conjugative transfer of the Ti plasmid
(Christie and Gordon 2014). Conjugative transfer of the Ti plasmid is regulated by a
quorum-sensing (QS) mechanism and is induced by opines produced in crown gall

Table 1 Characteristics of A.  gj e ~160-260 kb
vitis i plasmids GC content (%) ~56-57%
Rep type* repABC
Incompatibility groups IncRhl1, IncRh4
MOB families® MOBg, MOBp
T4SS types® MPF; (2)
Opine types Nopaline (N)
Vitopine (V)
Octopine/cucumopine (O/C)

“Type of replication (rep) system

"Mobilization (MOB) family based on the amino acid sequence
of conjugative relaxases (TraA and VirD2)

“Type IV secretion system (T4SS) type based on TrbE and VirB4
mating pair formation
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tumors (Dessaux et al. 1998; Farrand 1998; White and Winans 2007; Faure and
Lang 2014).

Ti plasmids have mosaic structures composed of conserved and variable regions,
suggesting that they most likely evolved through horizontal gene transfer and
recombination (Otten et al. 1992, 1993). This fact hinders their employment in the
development of a satisfactory classification scheme. However, Ti plasmids can be
grouped based on their backbone genes, such as those controlling plasmid repli-
cation and partitioning (repABC operon), as well as conjugative transfer. Thus, Ti
plasmids and related root-inducing (Ri) plasmids have been classified into four
incompatibility groups (Otten et al. 2008). A. vitis Ti plasmids pTiB10/7 and
pTiAT66 were classified into the IncRhl group, whereas pTiS4 belongs to the
IncRh4 group (Table 1) (Szegedi et al. 1996). This classification scheme is based
on their incompatibility (Inc) characteristics, referring to the inability of two related
plasmids to be propagated stably in the same host cell line (Couturier et al. 1988).
Incompatibility is mainly determined by functional elements located within the
repABC cassette or in its proximity (Pappas and Cevallos 2011; Pinto et al. 2012).
Therefore, the phylogeny of RepA, RepB, and RepC proteins has been used for
grouping plasmids of agrobacteria (Wetzel et al. 2015). The Ti plasmid of A. vitis
S4 was included in this study and clustered together with the OC plasmid pAoF64/
95 of R. rhizogenes F64/95, the symbiotic plasmid pCB782 of Rhizobium legu-
minosaurum bv. trifolii CB782, and the cryptic plasmid pOV14c harbored by
Ensifer adhaerens OV 14, unlike other Ti plasmids investigated.

Classification of plasmids based on the amino acid sequence of conjugative
relaxase and T4SS proteins has also been proposed (Garcillan-Barcia et al. 2009;
Smillie et al. 2010; Garcillan-Barcia et al. 2011). In this respect, Ti plasmids are
classified into the mobilization (MOB) families MOBg and MOBp, based on their
TraA and VirD2 relaxase protein sequences, respectively (Table 1) (Christie and
Gordon 2014). Both T4SSs of Ti plasmids are classified into the MPFt group based
on TrbE and VirB4 mating pair formation (MPF) protein sequences (Table 1). The
relaxase and T4SS proteins of the Ti plasmid harbored by A. vitis S4 are generally
phylogenetically related to those of other Ti plasmids (Wetzel et al. 2015).

Plasmid backbone markers used for the classifications discussed above can be
associated with different gene clusters having important roles in the ecology of the
pathogen and epidemiology of crown gall. For example, Ti plasmids possess genes
and gene clusters responsible for the synthesis and catabolism of opines, which are
a specific class of compounds produced in crown gall tumors following genetic
transformation by the pathogen. Opine markers were widely used for grouping of Ti
plasmids and their host bacteria, and classification based on opines reflects different
aspects involved in plant—pathogen and pathogen—pathogen interactions (see
Sect. 5.1). Based on opine types, A. vitis Ti plasmids and host strains were dif-
ferentiated into octopine/cucumopine (O/C), nopaline (N), and vitopine (V) groups
(Table 1) (Szegedi et al. 1988; Paulus et al. 1989a). Additionally, an octopine-type
Ti plasmid carried by atypical strain CG474 has been reported (Burr et al. 1998;
Burr and Otten 1999). Interestingly, strains carrying both octopine and vitopine
synthase genes were detected in Italy and Tunisia (Bini et al. 2008b; Chebil et al.
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2013Db). These strains might harbor both O/C- and V-type Ti plasmids, or a new Ti
plasmid type with another arrangement of opine-related genes. In this regard,
the existence of Ti plasmids having different combinations of genes encoding
synthesis and catabolism of opines cannot be excluded, which complicates classi-
fication based on the presence of opine genes. Tumorigenic Agrobacterium biovar 1
strains isolated from grapevine harbor Ti plasmids typical for this species, although
they may also carry O/C-type Ti plasmids characteristic of A. vitis (Szegedi et al.
2005).

The size of the O/C-type Ti plasmid of A. vitis AB3 (pTiAB3) is approximately
234 kb (Otten et al. 1995). On the other hand, the nopaline-type Ti plasmid of
A. vitis AB4 (pTiAB4) is relatively small (~ 157 kb) (Otten and De Ruffray 1994).
The vitopine-type Ti plasmid of A. vitis S4 (pTiS4) is particularly large
(258,824 bp). Its GC content is 56.7%, which is similar to that of other Ti plasmids
(Suzuki et al. 2009).

O/C-type Ti plasmids are predominant within the population of A. vitis (60%),
followed by N Ti plasmids (30%), whereas the V type is less abundant (10%) (Burr
et al. 1998). Studies performed in Hungary (Szegedi 2003), France (Ridé¢ et al.
2000), and Turkey (Canik Orel et al. 2016) were more or less in accordance with
this proportion. Strains carrying an O/C-type Ti plasmid were also predominant in
Bulgaria (Genov et al. 2006a, 2015), China (Ma et al. 1987), Spain (Palacio-Bielsa
et al. 2009b), and Serbia (Kuzmanovi¢ et al. 2014). In Germany, more or less equal
numbers of O/C and N strains of A. vitis were isolated from grapevine tumors,
whereas the vitopine strains were not detected (Bien et al. 1990). On the contrary,
vitopine strains were more abundant in Italy (Bini et al. 2008b) and Iran (Rouhrazi
and Rahimian 2012b). The N strains were not identified within A. vitis populations
in Bulgaria, Italy, and Serbia. It is unclear whether these differences in distribution
of particular opine types are influenced by ecological factors or if they are a con-
sequence of distribution of specific grape cultivars and/or rootstocks.

The O/C, N, and V types of Ti plasmids are characterized by a complex structure
and gene arrangement of their T-DNA. Different variants of T-DNA structures have
been described and thoroughly reviewed previously (Paulus et al. 1989a; Huss et al.
1990; Burr et al. 1998; Burr and Otten 1999). The O/C-type Ti plasmids possess
two independent T-DNA fragments, TA-DNA and TB-DNA. Although at least six
different O/C Ti plasmid structures have been characterized, based on the structure
of the TA-DNA, they are divided into two main sub-groups OS and OL, having a
small or large TA-DNA region, respectively. T-DNA of the atypical octopine strain
CG474 has a unique T-DNA structure lacking TB-DNA, although it has some
similarities with classical octopine TL-DNA and O/C TA-DNA (Burr and Otten
1999). The N-type Ti plasmids comprise a single T-DNA (Otten and De Ruffray
1994), whereas V types possess three independent T-DNAs (Canaday et al. 1992).
The N- and V-type Ti plasmids are less variable than are the O/C plasmids.
Reconstruction of evolutionary relationships among different T-DNA variants is
hindered because it has been shown that Ti plasmids mainly evolved through
horizontal gene transfer, insertions, and deletions (Otten et al. 1992; van Nuenen
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et al. 1993; Otten and De Ruffray 1994). However, little is known about the
ecological dynamics of different Ti plasmid variants.

In a study on distribution and localization of insertion elements in A. vitis strains,
Paulus et al. (1989b) found a correlation between Ti plasmid genotype and the
particular chromosomal background within an O/C group of strains. Later, Otten
et al. (1996b) showed that most Ti plasmids in A. vitis are associated with a
particular chromosomal background determined by restriction fragment length
polymorphism (RFLP) analysis of the 16S-23S rRNA ITS region, which was
further supported by Genov et al. (2006b). Similar studies reported a general
coherence between 16S rRNA gene sequences, RFLP profiles of the 5’-end of the
23S rRNA gene, and RAPD fingerprints with a particular type of Ti plasmid
(Momol et al. 1998; Palacio-Bielsa et al. 2009b). However, Turkish A. vitis strains
were exceptions (Argun et al. 2002). Based on analysis of A. vitis strains isolated in
Serbia, no strong correlation between 16S-23S rRNA ITS genotype of the strains
and their type of Ti plasmid was found, although some 16S-23S rRNA ITS groups
and clusters were composed of strains harboring a particular type of Ti plasmid
(Kuzmanovi¢ et al. 2014). This plasmid—chromosome correlation found in A. vitis
is unique among tumor-inducing Agrobacterium and Rhizobium species. For other
agrobacteria and rhizobia causing crown gall, no correlation between chromosome
and Ti plasmid type was found. Although it is assumed that Ti plasmid exchange or
transfer occurs more or less frequently between A. vitis strains, certain Ti plasmids
appear to be strongly and stably associated with a particular bacterial host. This may
be influenced by the specific pathosystem of A. vitis, with the highly specialized
pathogen persisting systemically in grapevines. This may limit the chance of its
contact with diverse and large pools of tumorigenic strains in contrast to predom-
inantly soil-inhabiting agrobacteria and rhizobia.

The diversity of vir region and opine catabolism gene clusters among A. vitis
strains has not been studied extensively. However, O/C and N Ti plasmids have
very similar or identical virulence regions (Otten and De Ruffray 1994). On the
contrary, the vitopine Ti plasmid of A. vitis has a different organization of vir region
(Gerard et al. 1992). Kawaguchi and Inoue (2009) analyzed the phylogeny of
strains belonging to the A. vitis and A. tumefaciens complex, including
Agrobacterium strains from other hosts, using the partial nucleotide sequences of
the virC operon. The majority of A. vitis strains formed a separate cluster, whereas
the remaining A. vitis strains formed additional monophyletic groups with strains of
the A. tumefaciens complex isolated from grapevine. Strains from other hosts
clustered separately on the phylogenetic tree.

4.4 Opine-Catabolic Plasmids

Opine-catabolic plasmids (pOC) are a specific group of replicons that, like Ti
plasmids, carry genes encoding the uptake and catabolism of opines but do not
contain vir genes and T-DNA required for pathogenicity. pOCs have been identified
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both in tumorigenic and in nontumorigenic Rhizobiaceae strains isolated from
tumors or soil around diseased plants (Merlo and Nester 1977; Sciaky et al. 1978;
Wabiko et al. 1990; Szegedi et al. 1999; Wetzel et al. 2014; Putawska et al. 2016).
Therefore, nonpathogenic strains carrying this plasmid are provided with the ability
to metabolize opines and to proliferate inside or near tumors and diseased plants.
Plasmids pAtK84b and pAoF64/95 carried by nonpathogenic R. rhizogenes strains
K84 and F64/95, respectively, are the only pOCs that have been studied in detail
(Clare et al. 1990; Wetzel et al. 2014). As with Ti plasmids, these two plasmids
carry all genes required for conjugative transfer that is induced by opines and
regulated by a QS system (Oger and Farrand 2002; Wetzel et al. 2014).

Data regarding the distribution of pOCs in strains associated with grapevine tumors
are limited. Sciaky et al. (1978) characterized plasmids of various agrobacteria,
including one avirulent Agrobacterium biovar 1 strain AG19 isolated from tumor tissue
on grapevine in Greece. Although this strain did not confer tumorigenicity, it could
utilize octopine and harbored a plasmid encoding this ability. Additional
Agrobacterium biovar 1 strains from grapevine carrying large plasmids encoding
catabolism of octopine were also described (Knauf et al. 1983). Later, Szegedi et al.
(1999) reported the existence of pOC in nonpathogenic A. vitis strain F2/5 encoding the
catabolism of octopine. Strain F2/5 is a potential biocontrol agent able to inhibit crown
gall disease on grapevines. Similarly, pAtK84b conferring utilization of nopaline is
harbored by the nonpathogenic biocontrol strain R. rhizogenes K84 (Clare et al. 1990).

4.5 Tartrate Utilization Plasmids

Tartrate utilization plasmids (pTrs) are a group of plasmids described in strains of A.
vitis and related Agrobacterium species associated with grapevine. Gallie et al. (1984)
first identified a plasmid encoding utilization of tartrate (named pTAR) in an atypical
nonpathogenic Agrobacterium biovar 1 strain isolated from grapevine. The amino acid
sequence of the replication protein RepA encoded by pTAR showed close homology
to RepA protein of pAgK84, a plasmid that encodes synthesis of agrocin 84 in the
biocontrol strain R. rhizogenes K84 (Gallie and Kado 1988; Kim et al. 2006). These
two plasmids may belong to the same family and have a common evolutionary origin.

Szegedi et al. (1992) subsequently demonstrated that various tumorigenic A. vitis
strains also carry large pTrs, some of which were self-conjugal. The pTr can be also
carried by nonpathogenic A. vitis strains, for instance by the biocontrol strain F2/5
(Szegedi et al. 1999). The pTrs identified in tumorigenic A. vitis strains represent a
diverse group of plasmids differing in size, transfer frequency, and stability in
recipient Agrobacterium biovar 1 strains (Szegedi et al. 1992). They were also
clearly different from the pTAR plasmid described by Gallie et al. (1984). pTrs also
showed a high diversity in their incompatibility properties (Szegedi and Otten 1998).
Therefore, they could coexist with pTis from different incompatibility groups.

The tartrate utilization system of the nopaline strain AB4 has been characterized
and the corresponding genes identified as an operon (Crouzet and Otten 1995).
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Tartrate utilization in this strain is encoded by the 170-kb conjugative plasmid
pTrAB4. On the other hand, the O/C strain AB3 carries two independent tartrate
utilization systems, one encoded by the Ti plasmid (pTiAB3) and another by
pTrAB3 (245 kb; Otten et al. 1995). Regions encoding tartrate utilization genes are
found in most of A. vitis strains, and they have been grouped into three different
types based on analysis of their sequences (Salomone et al. 1996; Salomone and
Otten 1999). Vitopine strains of A. vitis are also able to degrade tartrate, although
their tartrate utilization system is different and has not yet been characterized
(Salomone et al. 1996). In any case, tartrate degradation by vitopine strain S4 is
encoded by a large plasmid pAtS4c (211,620 bp), which was initially named pTrS4
(Szegedi and Otten 1998). Interestingly, different genetic regions encoding tartrate
utilization showed complex distribution patterns among various A. vitis strains that
correlated with their chromosomal backgrounds (Salomone et al. 1996). Some pTrs
encode production of putative signal molecules used in QS regulation; however,
their regulatory role remains unknown (Lowe et al. 2009).

Because tartrate is an abundant compound in grapevine, pTrs may enhance host
strain competitiveness on this plant species (Kado 1998; Salomone et al. 1998).
Both A. vitis and R. rhizogenes use tartrate as a sole carbon source (Kerr and
Panagopoulos 1977; Moore et al. 2001). However, the latter species prefers glucose
to tartrate, unlike A. vitis, that utilizes tartrate more intensively than glucose
(Szegedi 1985). Although it was shown that Agrobacterium biovar 1 strains gen-
erally do not utilize tartrate (Kerr and Panagopoulos 1977; Moore et al. 2001), some
biovar 1 strains isolated from grapevine were able to catabolize this compound
(Gallie et al. 1984; Szegedi et al. 2005). Interestingly, most of the nontumorigenic
A. vitis strains isolated from roots of asymptomatic feral Vitis riparia vines in the
USA were not able to utilize tartrate (Burr et al. 1999).

5 Plant—-Host Interactions

5.1 Tumor Induction and Opine Production

A. vitis can be present in symptomless propagation material and thereby cause
infections on young plants in newly established vineyards. In such cases, infection
mostly occurs on aerial plant parts through wounds caused by abiotic and biotic
factors, especially by freezing temperatures and cultural practices (Burr et al. 1998;
Burr and Otten 1999). However, in warmer climates, such as that of Israel and
South Africa, high temperatures and humidity can cause injuries and initiate
infection (Burr et al. 1998). On the other hand, wounds made by disbudding and
grafting are particularly important for triggering infection in nurseries. For
soil-borne infections, injuries made by cultural practices or nematode wounds may
also be conducive for infection by the pathogen (Siile et al. 1995; Burr et al. 1998).
Interestingly, unlike tumorigenic strains belonging to the A. tumefaciens complex,
A. vitis was unable to induce tumors on in vitro grown grapevine stem segments
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(Szegedi et al. 2014). However, factors determining differences in the susceptibility
of intact grapevines and explants to A. vitis remain to be elucidated.

Infection of plants by tumorigenic agrobacteria is a complex multistage process
of natural genetic transformation of plants that includes DNA transfer from bacteria
to plants (Hooykaas 2000; Zhu et al. 2000; Zupan et al. 2000; McCullen and Binns
2006; Pitzschke and Hirt 2010; Gelvin 2012). In brief, wounded plant tissue
releases signal molecules that trigger infection through induction of vir genes of the
bacteria. For a number of grapevine cultivars, syringic acid methyl ester was
identified as a vir-inducing phenolic compound (Spencer et al. 1990). Vir proteins
are involved in the processing and transfer of the T-DNA of the Ti plasmid and its
stable integration into the plant host genome.

T-DNA genes are expressed in the host plant and encode biosynthesis of the
phytohormones auxin and cytokinin (oncogenes) that lead to uncontrolled prolif-
eration of plant cells, resulting in tumor formation. Tumors develop mainly on the
lower trunks, graft unions, cordons, and canes (Fig. 2). Initial symptoms may be
inconspicuous and remain unnoticed. However, as disease develops, tumor tissue
can enlarge rapidly. Tumors can be localized or in the form of continuous prolif-
erations that completely girdle the trunk (Fig. 2). Tumors are rarely observed on
grapevine roots.

However, T-DNA genes also encode production of opines, as previously
described in this chapter, which play important roles in the epidemiology of crown
gall and the ecology of tumorigenic bacteria. Opines are typically conjugates of
amino acids and o-ketoacids or sugars, and less frequently, they are sugar phos-
phodiesters (Dessaux et al. 1993, 1998; Chilton et al. 2001). So far, more than 20
different opine types belonging to different structural families have been described
and characterized (Dessaux et al. 1993, 1998; Chilton et al. 2001).

In general, multiple opines belonging to different families may be produced in
tumors as a consequence of plant genetic transformation. For example, O/C strains

Fig. 2 Symptoms of grapevine crown gall. Tumors on cordons and canes (left and middle), and
graft unions (right)
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of A. vitis are responsible for production of octopine and cucumopine in tumor
tissue (Szegedi et al. 1988; Paulus et al. 1989a). Although additional opines are
produced in tumors induced by various tumorigenic strains carrying well-studied
octopine-type Ti plasmids (Dessaux et al. 1998; Zhu et al. 2000), their presence has
not been investigated in grapevine tumors caused by A. vitis carrying O/C-type Ti
plasmids. Nopaline was the only opine detected in tumors caused by A. vitis strains
carrying an N type of Ti plasmid. Finally, V strains of A. vitis induced tumors in
which vitopine and ridéopine were produced (Szegedi et al. 1988; Paulus et al.
1989a; Chilton et al. 2001). Chilton et al. (2001) suggested that vitopine is identical
to heliopine. Heliopine is one of the opines detected in tumors caused by
Agrobacterium  strains carrying a classical octopine-type plasmid (e.g.,
Agrobacterium biovar 1 strain 15955), and its structure has been published (Chang
et al. 1989).

Primarily, opines serve as selective nutrient sources for the pathogen because, as
indicated above, genes responsible for uptake and catabolism of opines are located
on the Ti plasmid, outside of the T-DNA region. The presence of opines is not
limited to tumors, and opines can translocate to other plant parts and can also be
secreted from roots as a component of root exudates (Savka et al. 1996).

Some opines can also induce conjugative transfer of Ti plasmids among
agrobacteria (Dessaux et al. 1998; Farrand 1998). Opines therefore contribute to
dissemination of Ti plasmids. Although transferred Ti plasmid genes may encode
production of more than one opine type in a particular tumor, thus far it appears that
only some opines serve as conjugal inducers (Farrand 1998). The conjugal opines
induce the QS system that directly regulates conjugative transfer of the Ti plasmid.
Taken together, the conjugative transfer of the Ti plasmid is dependent on pathogen
population density and requires the presence of a conjugal opine. Conjugation
mechanisms of plasmids harbored by A. vitis strains likely behave similarly, but this
has thus far not been studied.

Unwounded tobacco seedlings can elicit Agrobacterium vir gene induction and
T-DNA transfer (Brencic et al. 2005). Intriguingly, transformation did not lead to
tumor formation, although plants produced opines. These results suggested that
genetic transformation of plants by tumorigenic bacteria does not require wounding
and that cell division during wound healing may play a role in tumor formation.
However, such interaction between A. vitis and grapevine has not yet been studied.

5.2 Root Necrosis and Associated Mechanisms

Unlike other tumorigenic agrobacteria, A. vitis causes necrosis on roots of grapevine
plants (Fig. 3; Burr et al. 1987a). Necrosis may provide a niche for the bacterium to
persist in the soil, as A. vitis can persist in grapevine root debris for at least two
years (Burr et al. 1995). Necrosis develops within 24 to 48 h after inoculation and is
generally restricted to localized lesions from which A. vitis can be consistently
isolated.
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Fig. 3 Symptoms of root necrosis on grapevine. Necrosis on grapevine roots from a nursery (left),
on an inoculated rooted cutting (middle), and on an inoculated seedling (right)

Interestingly, both tumorigenic and nontumorigenic strains of A. vitis cause root
necrosis. Later studies indicated that the enzyme polygalacturonase encoded by the
chromosomal pehA gene represents a virulence factor associated with grape root
decay (McGuire et al. 1991; Rodriguez-Palenzuela et al. 1991). Nonetheless, a
mutant strain lacking the polygalacturonase gene could still induce grape root
necrosis when higher concentrations of bacteria were used, suggesting that addi-
tional factors are associated with this process (Herlache 1999).

Polygalacturonase may also play a role in tumorigenesis on grapevine, because
pehA mutants were less pathogenic on this host (Rodriguez-Palenzuela et al. 1991).
However, both wild-type and pehA mutants were equally tumorigenic on potato
disks. Synthesis of polygalacturonase appears to be associated with host special-
ization of A. vitis, because it may affect attachment of bacteria to grape roots and
their multiplication at wound sites (Brisset et al. 1991).

Polygalacturonase of A. vitis showed significant similarity to those of two other
plant pathogens, Pectobacterium carotovorum and Ralstonia solanacearum,
although differences in their soft rotting effects on potato tuber tissue were reported
(Herlache et al. 1997).

Interestingly, A. vitis also causes a hypersensitive-like response (HR) on nonhost
plants such as tobacco (Herlache et al. 2001). The underlying mechanism of grape
necrosis and HR response may be related. In this respect, both grape necrosis and
the HR are regulated by a complex QS regulatory system (Hao et al. 2005; Li et al.
2005; Hao and Burr 2006). More recently, the ability of A. vitis to cause the HR and
necrosis was shown to be associated with a phosphopantetheinyl transferase
(PPTase), and bacterial polyketide and nonribosomal peptide synthase-associated
genes (Zheng and Burr 2013).

The QS system associated with induction of necrosis on grape and a HR
response on tobacco also regulates characteristic surface motility (swarming) of
A. vitis, which is associated with surfactant secretion (Siile et al. 2009). A. vitis was
the only of the tested agrobacteria expressing swarming activity, and such behavior
may facilitate colonization of grapevine by this pathogen.



30 N. Kuzmanovi¢ et al.

5.3 Host Range

A. vitis has been detected in nature almost exclusively in association with grape-
vine, suggesting a high degree of natural host specialization. Nevertheless, in one
exceptional case, A. vitis was isolated from galls on the roots of kiwi in Japan
(Sawada and Ieki 1992). Interestingly, it was recently reported that A. vifis can
cause banana leaf blight in China (Huang et al. 2015). Although strains isolated
from banana were related to A. vitis based on 16S rDNA analysis, further study is
required for reliable identification.

Inoculation of various test plants under greenhouse environment conditions
revealed differences in host range among A. vitis strains and generally among
tumorigenic strains isolated from grapevine (Panagopoulos et al. 1978; Knauf et al.
1982; Ma et al. 1987; Bien et al. 1990). Although initial studies suggested that A.
vitis has a narrow host range limited to grapevine and a few other test plants, it later
became evident that there are limited and wide host range strains. In particular, A.
vitis strains harboring an O/C Ti plasmid (previously named octopine Ti plasmid)
showed different host range patterns and were divided into limited and wide host
range strains (Thomashow et al. 1980, 1981; Knauf et al. 1982, 1983). In this
respect, the Ti plasmid largely determines host range of the bacterium (Thomashow
et al. 1980; Knauf et al. 1982). Knauf et al. (1982) showed that different grapevine
cultivars can respond differently, depending on the Ti plasmid carried by the
inoculant strain. Further studies identified particular Ti plasmid genes located either
in T-DNA or in the vir region that are associated with A. vitis host range (Buchholz
and Thomashow 1984a, b; Hoekema et al. 1984; Yanofsky et al. 1985a, b; Bonnard
et al. 1989). Moreover, Ti plasmids of limited host range strains may have evolved
from ones carried by wide host range strains (Paulus et al. 1991a, b). Although
previous studies clearly showed differences in host range of A. vitis, they do not
answer the question as to why this pathogen is largely restricted to grapevines in
natural environments.

6 Epidemiology of Grapevine Crown Gall

6.1 Survival in and on Grapevine—The Role in Pathogen
Dissemination

A. vitis can systemically infect grapevine and spread through xylem sap (Fig. 4).
The first direct evidence of this phenomenon was provided by Lehoczky (1968),
who isolated the pathogen from the xylem bleeding sap of symptomatic vines.
Moreover, development of secondary tumors was observed on experimentally
injured canes, which provided further evidence of bacteria internally present in the
vascular system. Systemic colonization of grapevine by A. vitis was confirmed in
subsequent studies (Lehoczky 1971; Burr and Katz 1983; Tarbah and Goodman
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Fig. 4 Survival sites of A. vitis in and on grapevine and in soil

1987). A. vitis was also isolated from latently infected symptomless grapevine
material (Lehoczky 1971; Burr and Katz 1984).

Although A. vitis rarely induces tumors on grapevine roots, the bacterium is able
to persist in root tissues as it was consistently isolated from tumor-free grapevine
roots (Lehoczky 1971, 1978; Siile 1986; Burr et al. 1987b, 1995; Thies et al. 1991).
Lehoczky (1978) suggested that grapevine root systems represent a reservoir for
A. vitis in which the pathogen can multiply and survive extreme environmental
conditions. Additionally, A. vitis was frequently isolated from necrotic lesions on
roots of infected vines (Fig. 4) (Burr et al. 1987b).

Tarbah and Goodman (1987) showed that A. vitis can move rapidly through
xylem vessels of grapevine shoots. Within a period of 24 h, bacteria translocated
30 cm through the vascular system of shoots inoculated by dipping their freshly cut
basal ends in bacterial suspension. Bauer et al. (1994) inoculated shoots of actively
growing plants and demonstrated that migration of A. vitis from inoculation sites to
the roots requires at least 15 weeks. It was later found that population dynamics of
A. vitis in vines may vary with the cultivar and vegetation period (Burr et al. 1988,
1994; Stover et al. 1997b). Moreover, poor systemic movement of A. vitis and its
presence in higher numbers mainly at inoculated sites were reported (Bauer et al.
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1994; Stover et al. 1997b). Freezing may facilitate systemic movement of A. vitis in
naturally infected and inoculated vines (Stover et al. 1997b).

Regarding seasonal fluctuations in pathogen population in grapevine, A. vitis
was most abundant during the spring, decreased during the summer, and then in
autumn returned to nearly the same levels as in spring (Bauer et al. 1994). In a
recent study, Faist et al. (2016) compared the endophytic microbiota of organs from
grapevine plants with or without crown gall disease symptoms using 16S rDNA
amplicon sequencing. Their results also suggested that populations of A. vitis
decreased in summer in comparison with spring and autumn, confirming the results
of Bauer et al. (1994).

By testing plant material collected from a crown gall-infested vineyard, A. vitis
could not be isolated from young green shoots until after the shoots became lig-
nified (Burr et al. 1988). In addition, the pathogen was also absent from shoot tips.
Similar results were reported by Bauer et al. (1994), who assayed experimentally
inoculated grapevine plants. Nevertheless, Lehoczky (1989) infected healthy vines
by grafting them with green shoots from infected plants, indirectly showing that A.
vitis actually can be present in green shoots. Therefore, the detection methods used
in previous studies may not have been sensitive enough for reliable detection of the
pathogen. Indeed, using a PCR-based method, Poppenberger et al. (2002) showed
that A. vitis can be translocated to shoot tips. Recently, by using a highly sensitive
magnetic capture hybridization procedure followed by real-time polymerase chain
reaction (real-time PCR), A. vitis was detected in shoot tips and meristem tissue of
grapevine plants that were derived from symptomless cuttings grown in the
greenhouse but latently infected with the pathogen (Johnson et al. 2016). The
authors also revealed the frequent presence of tumorigenic A. vitis in dormant canes
and green shoots. In addition, A. vitis is irregularly present in tested tissue.
Intriguingly, Johnson et al. (2016) suggested that tumorigenic A. vitis is able to
survive epiphytically on shoot tips. In a related study, Canik Orel et al. (2017)
detected A. vitis in dormant grape buds and on surfaces of grapevine leaves col-
lected from commercial vineyards (Fig. 4).

Considering its ability to survive in and on grapevine, A. vitis can be efficiently
disseminated from nurseries to distant geographical areas via symptomless propa-
gation material, which is regarded as the most important means of pathogen spread.
Hence, A. vitis can be latently present in vines until favorable conditions for disease
development arise. In this respect, some studies attempted to resolve the possible
introduction pathway and evaluate epidemiological relationships among A. vitis
strains. Gillings and Ophel-Keller (1995) suggested that A. vitis was introduced to
South Australia in grapevine cuttings imported from California. Furthermore, a
majority of A. vitis strains isolated predominantly from young commercial vine-
yards over the period of eight years (from 2003 to 2011) in six European countries
were genotypically related, suggesting that they most likely had a common origin
and were distributed following the movement of infected grapevine planting
material (Kuzmanovic¢ et al. 2015).

The presence of A. vitis was also monitored in feral and wild grapevines. In this
respect, nontumorigenic A. vitis strains were isolated from roots of asymptomatic
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feral V. riparia vines collected in different locations in the USA (Burr et al. 1999).
In contrast, Genov et al. (2006a) isolated tumorigenic A. vitis strains from stem
samples of wild V. vinifera ssp. sylvestris collected in natural forests in Bulgaria.
Tumorigenic A. vitis was also detected in dormant canes collected from symp-
tomless wild grapevines (V. riparia) in New York and feral grapevines (including
Vitis californica) in California, which were either proximal to or distant from
commercial vineyards (Johnson et al. 2016; Canik Orel et al. 2017). Therefore, wild
grapevines may serve as a significant reservoir of inoculum.

6.2 Survival in Soil and Importance of Soil-Borne
Infections

Members of the family Rhizobiaceae are generally soil-inhabiting and
plant-associated bacteria. Accordingly, A. vitis strains are able to survive in soil.
However, A. vitis has been detected in soil exclusively in association with grapevine
plants and, to the best of our knowledge, has never been isolated from non vineyard
soil (Fig. 4). Tumorigenic A. vitis, including tumorigenic Agrobacterium biovar 1
strains, are thus isolated from soil samples taken from the root zone of vines, only
from samples collected during the period when fresh galls were present on trunks
(Burr and Katz 1983). However, the ratio of pathogenic to nonpathogenic strains
was remarkably low. In this respect, Bien et al. (1990) could not isolate pathogenic
A. vitis strains from soil samples taken from the root zone of infected vines; only
nonpathogenic Agrobacterium biovar 1 strains were isolated from this source. As
determined by isolation of bacteria, A. vitis was also detected in nonrhizosphere soil
of infected vineyards, although the pathogen may survive to a lesser extent in this
environment and may preferentially inhabit the grapevine rhizosphere (Burr et al.
1987b). In their greenhouse study, Bishop et al. (1988) compared the population
dynamics of A. vitis in grapevine and oat rhizosphere to that of fallow soil. Unlike
fallow soil, both host and nonhost rhizospheres enhanced the survival of A. vitis.
However, the pathogen population was greater in the grapevine rhizosphere without
a population decline over the course of the study. As shown before for some other
plant species (Guyon et al. 1993; Oger et al. 1997; Savka and Farrand 1997;
Mansouri et al. 2002), opines exuded from roots of transformed grapevine might
affect the composition of bacterial populations in the rhizosphere and promote the
growth of opine-degrading bacteria, primarily A. vitis.

Although crown gall outbreaks are primarily associated with diseased or sys-
temically infected propagation material, soil-borne A. vitis can be responsible for
infections of grapevine plants grown in greenhouse conditions and vineyards
(Bishop et al. 1988; Pu and Goodman 1993). However, planting of grapevine in soil
containing lower levels of A. vitis (< 10* cfu/g) did not result in systemic infection
within 10 weeks (Bishop et al. 1988). Soil-borne populations of A. vitis represent
an important source of inoculum at higher levels of soil infestation (10° cfu/g). On
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the other hand, nematodes can enhance infection from soil. Combined inoculation
of grapevine roots with Meloidogyne hapla and A. vitis at the level of 10°7 cfu/g
of soil resulted in root infestation by A. vitis and subsequent systemic colonization
of grapevine by the pathogen (Siile et al. 1995). It is still unclear if nematodes could
be vectors of A. vitis, although nematodes have been used as vectors to transfer A.
tumefaciens into plant roots in order to transform Arabidopsis plants (Karimi et al.
2000). A. vitis can also be spread over short or long distances in rhizosphere soil or
on the rhizoplane of apparently healthy propagation material (Burr et al. 1987b).

A. vitis can survive in association with decaying grape roots and canes in soil for
at least two years after plants were artificially inoculated with the pathogen (Fig. 4)
(Burr et al. 1995). However, A. vitis can most likely survive longer in decaying
grape and cane tissue as long as grapevine residues are present in soil, which could
serve as significant reservoirs of inoculum.

Overall, the methods used in the studies described above may not be sensitive
enough to detect A. vitis in soil at low population densities. Further investigations
on the survival of A. vitis in soil are therefore needed. In this respect, a magnetic
capture hybridization procedure followed by real-time PCR might be the method of
choice for such studies.

6.3 Microbial Community Associated with Grapevine
Crown Gall

Infected grapevine plants and especially crown gall tumors are dynamic ecological
niches inhabited by diverse microorganisms, both pathogenic and nonpathogenic,
and their genetic diversity remains largely unexplored. The possible roles of dif-
ferent members of the microbial community associated with grapevine tumors in
relation to the ecology and epidemiology of crown gall disease are yet to be
explored.

A. vitis is the predominant species identified as a causal agent of grapevine
crown gall worldwide. Tumorigenic strains belonging to Agrobacterium biovar 1
and R. rhizogenes were, however, sporadically isolated from infected grapevine
plants (Panagopoulos and Psallidas 1973; Panagopoulos et al. 1978; Siile 1978;
Burr and Katz 1984; Ma et al. 1987; Thies et al. 1991; Ridé et al. 2000; Argun et al.
2002; Bini et al. 2008b; Kawaguchi and Inoue 2009; Palacio-Bielsa et al. 2009b;
Rouhrazi and Rahimian 2012a; Abdellatif et al. 2013; Genov et al. 2015; Perovi¢
et al. 2015). In addition, tumorigenic strain O belonging to the newly described
species Agrobacterium nepotum was isolated from a crown gall tumor on grapevine
in Hungary (Siile and Kado 1980; Putawska et al. 2012; Mousavi et al. 2015).

Nontumorigenic A. vitis strains were isolated as cohabitants with tumorigenic A.
vitis strains from grapevine tumors, roots, and sap (Panagopoulos and Psallidas
1973; Burr and Katz 1983; Staphorst et al. 1985; Burr et al. 1987a; Bien et al. 1990;
Genov et al. 2006a; Bini et al. 2008b; Kawaguchi et al. 2008b; Rouhrazi and
Rahimian 2012a; Canik Orel et al. 2017; Kuzmanovi¢ et al., unpublished). Their



The Ecology of Agrobacterium vitis and Management ... 35

occurrence is most likely more frequent in diseased plants; however, they have not
been studied in more detail. Nevertheless, it was determined that some non-
pathogenic A. vitis strains isolated from callus tissue on dormant scion cuttings can
catabolize octopine and nopaline, although pathogenic strains were not detected in
the same plant material (Ophel et al. 1988). Most likely, these strains carry pOC
encoding catabolism of opines.

Grapevine tumors were also inhabited by nontumorigenic strains belonging to
novel phylogenetic groups within the genus Agrobacterium. In this respect, strains
related to Agrobacterium rubi, but phylogenetically clearly different, were isolated
from grapevine tumors (Kuzmanovié, unpublished). As determined by PCR, these
strains carried an ooxA gene-encoding oxidoreductase for conversion of
octopine-type opines to pyruvate and corresponding basic amino acid, suggesting
that they are able to catabolize octopine and likely harbor pOC. One of these strains
(strain 384) forms a novel Agrobacterium species, Agrobacterium rosae, together
with the atypical tumorigenic strain NCPPB 1650 isolated from hybrid tea rose
(Rosa x hybrida) in South Africa, and three nonpathogenic strains isolated from
tumors on raspberry and blueberry (Kuzmanovi¢ et al. 2018).

Opine utilization is not restricted to Agrobacterium spp. and related organisms.
Several reports described that other microorganisms isolated from tumors, soil, and
the rhizosphere, including fluorescent and nonfluorescent Pseudomonas spp.,
Arthrobacter spp., coryneforms, and several fungal species, are able to utilize
opines (Beaulieu et al. 1983; Dahl et al. 1983; Bouzar and Moore 1987; Tremblay
et al. 1987; Beauchamp et al. 1990; Bergeron et al. 1990; Nautiyal and Dion 1990;
Beauchamp et al. 1991; Canfield and Moore 1991; Nautiyal et al. 1991; Moore
et al. 1997). Moore et al. (1997) analyzed opine-catabolizing bacteria in tumors on
several hosts, including grapevine. Interestingly, besides one nonpathogenic
Agrobacterium strain utilizing octopine, they identified various fluorescent
Pseudomonas strains having the ability to catabolize either octopine or nopaline, or
both opines. Genes encoding opine catabolism in some non-Agrobacterium species
were found on the chromosome, but not on plasmids (Watanabe et al. 2015).

Faist et al. (2016) investigated the bacterial endophytic community associated
with grapevine plants with and without crown gall disease, including the sur-
rounding vineyard soil over one year. The authors used cultivation-independent 16S
rDNA-based analysis in preference to traditional isolation techniques. Taken
together, they found the highest diversity of bacterial taxa in soil; the diversity
decreased with the distance the soil was from roots and the graft union, and the
cane. Crown gall disease affected the makeup of the bacterial community only on
graft unions with visible tumors. Compared to graft unions on healthy plants, galls
possessed higher species richness with a more stable bacterial population structure
over time and shared more bacterial species with the soil microbial population.
Besides A. vitis, the most abundant bacteria in graft unions of diseased plants were
Pseudomonas sp. and Enterobacteriaceae sp. However, the reasons for the higher
abundance of bacteria belonging to these genera are unknown.
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7 Disease Management

7.1 Early Diagnosis—Detection of the Pathogen

The use of healthy planting material in areas with no history of the crown gall is
crucial because, once established in a vineyard, A. vitis may be impossible to
eliminate. Therefore, analysis of the grapevine propagation material for the pres-
ence of the pathogen is important for disease control. Additionally, it is also
important to test the soil prior to planting.

Despite its destructiveness, A. vitis and other species causing grapevine crown
gall are not considered quarantine pathogens in many countries. They are com-
monly regarded as harmful, widespread pathogens that can reduce the value of
propagation material (quality pathogens), and grapevine material exchanges are not
subject to strict phytosanitary control. Moreover, there is a lack of standardized
protocols for pathogen detection and identification.

Testing of infected plants is mainly based on pathogen isolation on semiselective
and/or differential media, followed by analysis of isolated strains using biochemical
tests and pathogenicity assays (Moore et al. 2001). Although isolation of A. vitis
from tumor tissue of infected vines is relatively straightforward, low numbers of
bacteria in asymptomatic samples and their irregular distribution limit the efficiency
of detection methods. A method involving callusing of dormant cuttings and iso-
lation of bacteria from callus tissue on semiselective medium was initially estab-
lished and used by some laboratories (Lehoczky 1971). Because of its systemic
nature, the pathogen can be isolated from grapevine vascular sap by flushing water
or buffer through dormant grapevine cuttings using a vacuum pump (Tarbah and
Goodman 1986; Bazzi et al. 1987). In this respect, a greater number of A. vitis cells
has been recovered when dormant cuttings were frozen prior to vacuum flushing
(Stover et al. 1997b). However, these procedures are time-consuming and laborious
and are therefore not suitable for routine analysis of large numbers of samples.

PCR-based techniques are the method of choice for rapid pathogen detection in
plant material and soil samples (Burr et al. 2017). Although a number of different
PCR primers have been reported (Palacio-Bielsa et al. 2009a), remarkable genetic
variations in A. vitis and its Ti plasmids may limit the specificity of described
protocols (Kuzmanovi¢ et al. 2016). Moreover, most PCR protocols developed so
far are generally suitable for testing bacteria from pure culture and may not be
sensitive enough for pathogen detection in plant material.

Efficient DNA extraction followed by highly sensitive real-time PCR currently
represents the most promising tool for early pathogen detection in plant and soil
samples. So far, two real-time PCR protocols for detection of A. vitis in grapevine
samples have been reported, both based on SYBR Green I dye chemistry (Bini et al.
2008a; Johnson et al. 2013). The protocol developed by Johnson et al. (2013)
involves sample enrichment followed by efficient DNA extraction via magnetic
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capture hybridization (MCH) and detection of tumorigenic strains by using virD2
gene-specific primers. This assay allowed detection of 10" CFU/ml and was able to
detect A. vitis in asymptomatic grapevine material (Johnson et al. 2013; Johnson
et al. 2016; Canik Orel et al. 2017).

7.2 Management Practices

Because A. vitis persists systemically in grapevines and there are no effective
chemical controls for crown gall on grapes, the disease is especially challenging to
manage. As covered in Sect. 7.4 in this chapter, biological control is encouraging as
a future commercial control. The development of A. vitis-free propagation material
is also a viable consideration which is covered in this chapter (see Sect. 7.3).
However, the uncertainty of material being completely free of the pathogen and the
potential sources of A. vitis in the environment that may infect “clean” vines will
ultimately affect the effectiveness of this management strategy.

Currently in commercial vineyards, crown gall is managed primarily through the
use of cultural practices that aim to reduce injuries to vines which may serve as
infection sites for A. vitis (Moyer 2013). These practices include selecting vineyard
sites that have well-drained soils and which are geographically located to have good
air drainage and thus are not as prone to freezing temperatures. Crown gall is often
most prevalent in low-lying regions of vineyards where standing water may
accumulate and cold air may settle in frost pockets. Such wet soil conditions can
affect late-season acclimation of vines, making them more prone to injury from
sudden freezing temperatures. Where possible, management of irrigation water is
another practice employed for slowing vine growth to facilitate hardening-off and
making them more tolerant to winter freezes. Other factors that affect vine sensi-
tivity to freezing temperatures and injury include excessive fertilization and
over-cropping which can stimulate late growth of vines and affect the onset of
dormancy.

In cold regions, the practice of hilling soil around grafts of vines in the fall is
employed as a means to preserve vines and as a crown gall management tool. In this
case, should winter freezes severely damage or kill vine trunks it becomes possible
to train a new trunk the following year that is generated from the remaining living
scion wood that was buried by soil and protected from the freeze. The training of
multiple trunks per vine is often implemented as well. In this case, once a trunk
becomes severely injured and diseased with crown gall, it can be removed and the
remaining trunk or trunks will allow crop production as new trunks are trained.

There are no effective chemical controls for grape crown gall. Although
antibacterial compounds, such as copper products, are lethal to A. vitis, topical
treatments to vines have limited value considering the bacterium is systemic in the
vine. Moreover, the plants affected by crown gall are genetically transformed and
stay permanently infected.
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Several papers have been published to demonstrate that grape species and
varieties (scion and rootstock) differ in their susceptibility to infection by A. vitis
(Ferreira and van Zyl 1986; Szegedi et al. 1989; Goodman et al. 1993; Stover et al.
1997a; Roh et al. 2003; Mahmoodzadeh et al. 2004; Jung et al. 2016). In general,
V. vinifera is most susceptible, whereas V. riparia and hybrids of Vitis species used
for scion and rootstock varieties are most resistant to infection, producing fewer and
smaller galls. Among grape rootstocks, Courderc 3309 and Riparia Gloire are
generally viewed as resistant. Differences within specific accessions have been
noted among genotypes of these and other Vitis spp. Regardless, even those con-
sidered “resistant,” such as V. riparia, may carry internal populations of A. vitis
with the possibility of spreading it to more susceptible grapevines.

One study compared the relative levels of crown gall susceptibility of 43 Vitis
genotypes following inoculation with a diverse set of A. vitis strains, followed by
measuring gall size and the proportion of inoculation sites with galls (Stover et al.
1997a). None of the genotypes were immune and, depending on genotype, galls
formed at 10-100% of the inoculated sites; the mean gall size ranged from 1.0 to
12 mm when averaged across A. vitis strains. Significant strain by genotype
interactions was observed. For example, Vitis amurensis was most susceptible to a
limited host range A. vitis strain, AG57. Commonly used rootstocks, 3309C, T5C,
Riparia Gloire, and 101-14 Mgt, were among the most crown gall-resistant
genotypes (Stover et al. 1997a). Vitis flexuosa, Vitis piasezkii, and V. amurensis that
had been reported as resistant previously developed some galls. Rootstocks 110R,
420A, and Dogridge were categorized as highly susceptible. In another study,
Szegedi et al. (1989) inoculated various grapevine cultivars with A. vitis strains
belonging to different opine groups. Grapevine varieties were separated into four
groups based on their susceptibility or resistance. Both host and bacterial factors
likely contribute to the susceptibility/resistance of grapevine to A. vitis.

A limited amount of research has been done on the genetics of crown gall
resistance in grape. Szegedi and Kozma (1984) tested seedlings from 27 hybrid
families by inoculating with A. vitis At-1. Crown gall resistance in these crosses
originated from V. amurensis. Their results showed a segregation of 1:1 following
crosses of resistant and susceptible phenotypes and 3:1 (resistant to susceptible)
following selfing of resistant parents. Therefore, a Mendelian-dominant inheritance
of crown gall resistance to strain AT-1 was proposed. Subsequent research
(Kuczmog et al. 2012) developed molecular markers linked to the Rcgl crown gall
resistance gene from V. amurensis. This technology holds promise for future
marker-assisted breeding of high-quality crown gall-resistant grape varieties.

Attempts to control grapevine crown gall by developing transgenic
disease-resistant plants have been also made (Vidal et al. 2006; Krastanova et al.
2010; Galambos et al. 2013). In one such study, grapevine rootstock (Vitis
berlandieri x V. rupestris cv. “Richter 110”) plants were transformed with an
oncogene-silencing transgene based on iaaM and ipt oncogene sequences
(Galambos et al. 2013). However, oncogene silencing in grapevine is highly
strain-specific and thus has limited effectiveness in disease control.
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7.3 Evaluation of Strategies for Producing
A. vitis-Free Grapevines

The discovery that A. vitis survives systemically and distributes randomly in
grapevine propagation material stimulated research to determine if and how vines
free of the pathogen could be produced. One approach used hot water treatments of
dormant cuttings (Burr et al. 1989; Bazzi et al. 1991). In this case, dormant cuttings
were submersed in water at 50 °C for 30 min. Although populations of the
pathogen could be greatly reduced with this treatment, the bacteria were not
eliminated (Burr et al. 1996). When temperatures higher than 50 °C were tested, the
potential for increased bud mortality became apparent. Subsequently, Wample et al.
(1991) showed that dormant cuttings collected in Washington State could withstand
higher temperatures without enduring bud kill. Therefore, factors (temperatures,
cutting hardiness, etc.) prior to the treatment appear to have a significant effect on
grape bud tolerance to heat and should be explored further to determine the
effectiveness of such treatments on internal A. vitis populations. Despite the fact that
hot water treatment may result in a certain amount of bud kill, the practice (50 °C
for 30 min) is still used in some regions of the world and felt to be of benefit for
disease management.

Plant tissue culture has also been used to eliminate viral and bacterial pathogens
from plants, including grapes (Dula et al. 2007; Cassells 2012). Explants from shoot
tips or meristems are cultured in specific media to facilitate plant development (Sim
and Golino 2010). Shoot tip culture was previously tested and shown to be effective
for elimination of A. vitis. However, the detection method for evaluating its
effectiveness was much less sensitive than is magnetic capture hybridization in
conjunction with real-time PCR (MCH real-time PCR) technology currently in use
(Johnson et al. 2013).

More recently, the MCH real-time PCR method was used in multiple experi-
ments to assay tissue culture plants that were propagated from vines collected from
a commercial vineyard that had severe crown gall. Shoot tips and meristems from
the plants were assayed in 2013. Eighteen of the first 29 plants propagated tested
positive for A. vitis. These included meristems, shoot tips with meristems extracted,
and shoot tips with meristems (Johnson et al. 2016). When the same plants were cut
back and regrown, only 4 of the 29 were positive. These results indicate the
irregular distribution of A. vitis in the tissues as well as the uncertainty of a negative
result.

Similar experiments were done in 2014 using 31 plants that were grown from
cuttings taken from Riesling vines that were heavily infected with crown gall. In
this case, A. vitis was not detected in any of the meristems for the two repetitions of
the experiment (second repetition involved evaluating the regrowth of the plants
after they were cut back following the first set of assays). For shoot tips with the
meristems removed, four tested positive in the first repetition, but none were pos-
itive in the second (Johnson et al. 2016). Detecting A. vitis associated with grape
tissue culture plants is not totally unexpected and has been reported previously
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(Poppenberger et al. 2002). A. vitis can persist on surfaces of grape leaves, thus
epiphytically on grapevines (Canik Orel et al. 2017). Additional research on the use
of tissue culture is underway to determine if in fact vines free of the pathogen can
be generated. However, from work concluded thus far it is apparent that shoot tips
do not necessarily comprise tissue that is free of the pathogen. Another consider-
ation is the sensitivity of the MCH real-time PCR assay, which was found to be
about 10 bacterial cells per sample. Therefore, if populations lower than 10 cells are
present in a sample they may not be detected. From this research, we conclude that
tissue culture alone may not eliminate A. vitis from grape explants and that addi-
tional practices such as incorporation of effective antibiotics that do not inhibit plant
growth and/or the use of heat therapy should be evaluated as a component of the
tissue culture propagation.

7.4 Biological Control

Biological control of crown gall disease caused by tumorigenic agrobacteria rep-
resents a major success story in the field of plant pathology, resulting from the
discovery of the nontumorigenic R. rhizogenes (former name Agrobacterium
radiobacter) strain K84 by Kerr (1972). Control of crown gall by K84 has been
implemented on different plant hosts in many regions worldwide. The primary
mode of action of K84 is by antibiosis through the production of agrocin 84, which
is encoded by the conjugative plasmid pAgK84 (Kim et al. 2006). Subsequently, a
genetically modified form of K84 (strain K1026) was developed having a deleted
fragment of a fra gene responsible for plasmid transfer, thereby preventing its
transfer to pathogenic strains (Jones et al. 1988). Such transfer can result in strains
becoming resistant to agrocin 84. Nevertheless, K84 and K1026 are not effective in
preventing crown gall caused by some tumorigenic agrobacteria including A. vitis,
the primary cause of the grapevine crown gall disease.

The impressive success of K84 and K1026 together with their ineffectiveness
against A. vitis on grape led several researchers to search for bacterial strains that
may control crown gall on grape. A number of strains have shown an ability to
inhibit growth of A vitis and tumor formation, including A. vitis strains E26 (Yang
et al. 2009) and VARO3-1 and ARK-1 (Kawaguchi et al. 2005, 2007, 2008a, 2014,
2017; Kawaguchi and Inoue 2012; Kawaguchi 2013, 2014, 2015; Saito et al. 2018),
the Agrobacterium biovar 1 strain HLB2 (Pu and Goodman 1993), and the R.
rhizogenes strain J73 (Webster et al. 1986). The potential of strains belonging to
other bacterial genera to control grapevine crown gall has been also tested. These
investigations included various endophytic strains isolated from grapevine (Bell
et al. 1995; Ferrigo et al. 2017), various Pseudomonas spp. strains (Khmel et al.
1998; Eastwell et al. 2006; Biondi et al. 2009), and Rahnella aquatilis strain HX2
(Chen et al. 2007). These strains have shown a range of effects on pathogen growth
as well as on various levels of disease suppression in experiments done under
laboratory and greenhouse conditions. In addition, preliminary screens of bacteria
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in vitro and on different indicator plants in the greenhouse have revealed bacterial
strains belonging to different genera that have activity against A. vitis (Habbadi
et al. 2017a). Interestingly, one fungal isolate belonging to the genus Acremonium
and commercial biological control agents Bacillus subtilis SR63 and Trichoderma
asperellum T1 were also effective against A. vitis (Ferrigo et al. 2017). A thorough
review of bacterial strains that have been tested for activity against A. vitis has been
published (Filo et al. 2013).

The nontumorigenic A. vitis strain F2/5, which was originally isolated from
grape and shown to inhibit grape crown gall in South Africa (Staphorst et al. 1985),
has been further studied by several laboratories (Burr and Reid 1994; Bazzi et al.
1999; Zauner et al. 2006). Strain F2/5 inhibits tumor formation by diverse A. vitis
strains on different grape varieties (Burr and Reid 1994). Although tumor formation
by most strains of A. vitis is greatly inhibited by F2/5, a few strains appear to be
unaffected (Staphorst et al. 1985; Burr and Reid 1994). As with other A. vitis
strains, F2/5 also causes necrosis on grape roots (Burr et al. 1987a) which was
recently shown to have a negative impact on graft wound healing and on plant
growth but was not required for grape tumor inhibition (GTI; Hao et al. 2017). The
molecular mechanism involved in necrosis is not fully understood but includes QS
regulation and the involvement of specific polyketide and nonribosomal peptide
synthases (Zheng et al. 2003; Hao et al. 2005; Zheng et al. 2012; Zheng and Burr
2013). Our current understanding of the biochemical pathways associated with
necrosis and tumor inhibition by F2/5 shows overlap, but also that they are distinct
processes (Zheng and Burr 2016).

Additional research has focused on characterizing GTI and identifying factors
associated with the ability of F2/5 to inhibit crown gall. For example, although F2/5
inhibits A. vitis from causing tumors on grapevine, it does not block tumor formation
on most other plants such as tobacco. An exception to this rule was reported to be
inhibition of tumors on Ricinus (Zauner et al. 2006). In addition, for F2/5 to inhibit
tumor formation it must be applied to wounds at the same time or prior to the
tumorigenic strain, and usually at cell numbers equal to or greater (Burr and Reid
1994). Through mutational analyses, it was shown that tumor inhibition was not
associated with antibiosis even though an antibiosis phenotype could be demonstrated
in vitro (Burr et al. 1997). Additionally, this study also demonstrated that tumor
inhibition was not the result of competition for attachment sites on plant wounds.
More recently, it was shown that F2/5 does not reduce populations of the tumorigenic
strain at grape wound surfaces but, by an unknown mechanism, inhibits A. vitis from
causing crown gall on grape (Kaewnum et al. 2013). This study also demonstrated that
the genetic mechanism of gall inhibition is associated with at least two regulatory
mechanisms that include QS and the involvement of clp protease genes.

Essential oils of Origanum compactum and Thymus vulgaris showed in vitro and
in planta antibacterial activity against A. vitis (Habbadi et al. 2017b). Therefore, the
use of essential oils of medicinal and aromatic plants could be a valuable alternative
strategy in the control of grapevine crown gall. Moreover, in one recent study, a
specific phage display-selected peptide displayed inhibitory effect toward A. vitis
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polygalacturonase, which could be a promising approach in disease control strategy
(Warren et al. 2016).
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Abstract Agrobacterium populations live in different habitats (bare soil, rhizo-
sphere, host plants), and hence face different environmental constraints. They have
evolved the capacity to exploit diverse resources and to escape plant defense and
competition from other microbiota. By modifying the genome of their host,
Agrobacterium populations exhibit the remarkable ability to construct and exploit
the ecological niche of the plant tumors that they incite. This niche is characterized
by the accumulation of specific, low molecular weight compounds termed opines
that play a critical role in Agrobacterium’s lifestyle. We present and discuss the
functions, advantages, and costs associated with this niche construction and
exploitation.

1 Introduction

Agrobacterium is known among microbiologists, geneticists, and biotechnologists
as a robust and versatile tool used to introduce foreign genes into plants or fungi
(for reviews, see Vain 2007; Idnurm et al. 2017). However, most members of this
genus are primarily plant pathogens that induce galls on dicotyledonous plants.
Formerly, the Agrobacterium genus encompassed various species such as A. rubi,
A. larrymoorei, A. vitis, and A. tumefaciens. The latter species is now recognized as
a complex of several species including A. fabrum to which belongs A. fabrum C58,
whose genome was the first sequenced in Agrobacterium (for more on
Agrobacterium taxonomy see, e.g., Mousavi et al. 2014; Kuzmanovi¢ et al. 2015;
De Lajudie and Young 2017). In this chapter, we deal with members of the
Agrobacterium genus and related genera, irrespective of their species designation,
but the most abundant literature is associated with the A. tumefaciens species
complex, and especially with the strain C58. For consistency, we will retain the
ancient name A. fumefaciens to designate this strain.

Collectively, agrobacteria belong to the family Rhizobiaceae of the class
alpha-proteobacteria, members of which are often found in soils of various origins
and appear to be among the most common inhabitants of these environments (e.g.,
Bouzar and Moore 1987; Niisslein and Tiedje 1998; Texeira et al. 2010; Inceoglu
etal. 2011; Lundgerg et al., 2012; Bulgarelli et al. 2012). Interestingly, agrobacteria
isolated from soils, including rhizospheric soils, are most often avirulent (Bouzar
and Moore 1987; Burr et al. 1987), i.e., they do not harbor a Ti plasmid, the key
replicon that determines virulence, unless the soil has an history of crown gall
disease (Bouzar et al. 1993; Krimi et al. 2002). These findings suggest that
agrobacteria are soil- and rhizosphere-adapted bacteria. As expected, agrobacteria
exhibit several traits to exploit soil and rhizosphere resources and to survive under
competition with other micro- and macro-organisms. Aside from these adaptive
traits, the acquisition of a Ti plasmid that confers pathogenicity can be considered
as a process leading to the construction of a more specific and less competitive
ecological niche on plant hosts. Data to support these views on niche exploitation
and construction by agrobacteria in the soil and plant habitats are presented below.
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2 Agrobacterium: A Soil-Adapted Bacterium

Depending on the soil type, agrobacteria members can be either rare or relatively
abundant among cultivatable bacteria, with concentrations ranging from 10° to
10’ CFU/g (Bouzar and Moore 1987; Bouzar et al. 1993; Krimi et al. 2002).
Agrobacterial traits that favor the adaptation to the soil environment remain largely
unidentified, as they do for most soil bacteria. However, analysis of the metabolic
properties of the bacteria and recent genomic data revealed several interesting
features that may allow Agrobacterium to colonize the highly competitive soil
environment.

2.1 Exploiting Soil Resources

Agrobacteria may survive for weeks and months under oligotrophic conditions,
including pure water (Iacobellis and Devay 1986). Surface waters and aerosols
could therefore contribute to dissemination of Agrobacterium populations.
Members of this genus are also resistant to osmotic stress, both by taking up
osmoprotectants (Nobile and Deshusses 1986; Boncompagni et al. 1999) or by
synthesizing them (Smith et al. 1990).

However, bare soils are rare. Most often they are covered by plants that
decompose in fall and winter to form humic acids in which agrobacteria can survive
for months (Siile 1978). Plants also release at their root system a mixture of carbon
compounds known as rhizodeposits. The rhizodeposits consist mainly of root cell
debris and exudates, these later originating from plant photosynthesis and meta-
bolism (for reviews, see Hinsinger et al. 2009; Jones et al. 2009; Sanchez-Cafiizares
et al. 2017). In possible relation with the supply of diverse carbon sources in the
rhizosphere, agrobacteria have evolved a wide metabolic capability. For instance
and with some variations from one strain to another, agrobacteria can degrade a
large range of oses, polyols, and sugar derivatives often from plant origin, including
cellobiose, trehalose, maltitol (Marasco et al. 1995; Ampomabh et al. 2013), altritol
and galactitol (Wichelecki et al. 2015), xylose and glucosamine (Zhao and Binns
2014), melezibiose, raffinose, gentobiose, turanose, lyxose, tagatose, p- and L-
fucose, aldonitol, p- and L-arabitol, dulcitol, inositol, sorbitol, xylitol, gluconic acid,
keto-gluconic acid, arbutin, esculin, and salicin (Dessaux, unpublished).
Agrobacteria can also utilize a wide range of nitrogen-containing compounds as
nitrogen sources such as urea (Riley and Weaver 1977), amino-valerate, amino
benzoate, ethanolamine, tryptamine (Dessaux, unpublished), and gamma
amino-butyrate (Chevrot et al. 2006). In relation to these potential nutrients,
agrobacteria exhibit potent urease (Dessaux et al. 1986a, b) and transaminase
activities (Sukanya and Vaidyanathan 1964) and a putative nitrilase that permits the
scavenging of nitrogen from the plant glycoside amygdalin (Dessaux et al. 1989)
and possibly from other cyanogenic compounds. In agreement with the above
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catabolites, agrobacteria also encode a large number of diverse transporters likely
used to take up various potential nutrients.

2.2 Facing and Sustaining Competition

In the soil, agrobacteria are armed to face microbial competitors. Indeed,
agrobacteria benefit from a set of potent siderophores that permit an efficient
recovery of iron in iron-deprived environments. Several types of siderophores have
been identified. The first of these discovered is agrobactin, a derivative of
2,3-dihydroxybenzoic acid, spermidine, and threonine (Ong et al. 1979). The sec-
ond one is a hydroxamate (Penyalver et al. 2001). The third one, detected in strain
C58, remains unidentified (Rondon et al. 2004) but may be specific for this strain
(Baude et al. 2016). In addition, with respect to microbial competitors, agrobacteria
appear to be partly resistant to antibiotics such as chloramphenicol (Tennigkeit and
Matzura 1991), penicillin, erythromycin, streptomycin, and moderately to tetracy-
cline (Khanaka et al. 1981). Aside from these traits, some agrobacteria also express
a type VI secretion system (T6SS; for review, see Ryu 2015) that drives the
injection of at least three effectors with enzymatic activities (DNase and putative
peptidoglycan amidase) into neighboring, competing bacteria (Wu et al. 2008; Ma
et al. 2014).

When Agrobacterium colonizes a plant habitat, it can resist adverse antimicro-
bial compounds such as phenolics produced by plants upon wounding or biotic
stress (reviews: Kefeli et al. 2003; Bhattacharya et al. 2010; Caretto et al. 2015).
Phenolics play multiple roles in plant protection. With respect to the microflora,
phenolics can be potent growth inhibitors of fungi and antibacterial agents (for
reviews, see Cushnie and Lamb 2005; Lattanzio et al. 2008). However, non-
pathogenic Agrobacterium strains possess an efflux pump active on a group of
phenolics, the isoflavonoids that include medicarpin and coumestrol (Palumbo et al.
1998). Other phenolics such as vanillyl alcohol, vanillin, coniferyl alcohol, con-
iferyl aldehyde, sinapyl alcohol, sinapinaldehyde, and syringaldehyde can also be
degraded by nonpathogenic agrobacteria (Brencic et al. 2004). Recently, ferulic
acid was also shown to be degraded by Agrobacterium strain C58 (Baude et al.
2016). In addition, pathogenic agrobacteria can detoxify other phenolics via the
products of two Ti plasmid genes, virH1 and virH2, located in the virulence region.
The VirH1 and VirH2 proteins share sequence homology with cytochrome
P450-like enzymes (Kanemoto et al. 1989), and VirH2 appears to be an
O-demethylase that is active on over 15 phenolic substrates such as sinapinic acid
and acetosyringone. VirH2 can also convert vanillic acid to protocatechuate, which
can be further metabolized via the B-ketoadipate pathway (Brencic et al. 2004).
Taken together, these data indicate that pathogenic agrobacteria are more resistant
to phenolics than are nonpathogenic ones, a result confirmed by the analysis of a
virH2 mutant (Brencic et al. 2004). Remarkably, many of the above-mentioned
phenolics are inducers of the virulence genes of Agrobacterium (Bolton et al. 1986;
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Engstrom et al. 1987) and a few may also be chemoattractant (Parke et al. 1987), a
feature that could allow agrobacteria to move upward the concentration gradient
toward the wounded plant cells (for review, see Shaw 1991). The route to the plant
is also traced by root exudates that are also chemoattractant for agrobacteria (Hawes
and Pueppke 1987; Hawes and Smith 1989).

3 The Plant Tumor: A Niche Extension for Agrobacteria

The above data indicate that Agrobacterium is well-equipped to survive in the soil
and the plant rhizosphere. However, these environments remain quite competitive.
The ability of Agrobacterium to generate a plant tumor can therefore be seen as a
“coup de génie” that permits these bacteria to benefit from a much more private
habitat, i.e., a quasi-specific niche (Fig. 1). Agrobacterium takes a triple ecological
advantage from tumor-niche construction: (i) an increase of resources supporting its
proliferation to a high population level; (ii) a decrease of plant defense response in

Nz

3. Tumor niche
exploitation

4. Plasmid Ti
transfer

2. Tumor niche
constructio

e

5. Virulent
agrobacteria

1. Rhizosphere niche dissemination

exploitation

Fig. 1 Ecological niches of Agrobacterium. Saprophytic and pathogenic (carrying Ti plasmid)
Agrobacterium populations efficiently colonize the rhizosphere of host and non-host plants. Upon
permissive conditions (wounding), virulent agrobacteria construct a novel ecological niche that is
the plant tumor, as the result of the transfer and expression of the T-DNA in plant host genome.
Agrobacterium populations exploit the tumor resources, including opines which confer a selective
advantage to Agrobacterium pathogens. Opines also activate quorum-sensing pathways that
promote Ti plasmid conjugative transfer, hence contributing to the maintenance and propagation of
the virulence genes. The high abundance of virulent Agrobacterium in plant tumor facilitates the
dissemination to a new host as well as the maintenance of populations in the rhizosphere and soil
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plant tumor tissues; and, (iii) a decrease of competition with resident microbiota,
especially through the exploitation of specific growth substrates known as opines.
The first point is still poorly understood but could be hypothesized from the high
abundance of organic and mineral nutrients that accumulate in plant tumors
(Deeken et al. 2006; Lang et al. 2016), whereas tumor development represents a
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«Fig. 2 Structural formulas of opines a octopine family, b nopaline family, ¢ agropine family,
d agrocinopines family, e cucumopine family, f succinamopine and leucinopine families,
g chrysopine family, h ridéopine and heliopine families. Octopine family opines are all synthesized
by the enzyme octopine synthase and derive from various proteinous and nonproteinous amino
acids, and pyruvate. They include the most recently discovered opine sulfonopine (Flores-Mireles
et al. 2012). Nopaline and nopalinic acid synthesized by nopaline synthase derive from
alpha-ketoglutarate and, respectively, arginine and ornithine. Succinamopine, leucinopine,
cucumopine (and its diastereomer mikimopine) are also alpha-ketoglutarate condensates and
exhibit asparagine, leucine, and histidine moieties, respectively. Heliopine (also termed vitopine) is
a condensation product of pyruvate and glutamine. The mannityl opines are sugar and glutamate or
glutamine-containing compounds as are the closely related opines of the chrysopine family. Other
sugar opines include the agrocinopines A and B that are the only phosphorus-containing opines

metabolic sink from the plant host; this process makes diversified and abundant
resources available to the pathogen. The second point was revealed by transcrip-
tomic and genetic analyses of plant defense pathways (Gohlke and Deeken 2014).
Tumor tissue development not only results in abnormally proliferating cells, but
also causes differentiation and serves as a mechanism to balance pathogen defense,
thereby contributing to the long-term coexistence of agrobacteria and the host plant.
The third point, i.e., the opine contribution to Agrobacterium lifestyle in plant
tumors, is detailed below.

3.1 An Instance of Natural Genetic Engineering

Agrobacterium’s ability to incite a plant tumor, known as crown gall, depends upon
the presence in the bacteria of a large plasmid termed the tumor-inducing
(Ti) plasmid. During the infection process, a portion of this plasmid, T-DNA, is
transferred via a type IV secretion system (T4SSt.pna) as a single-stranded DNA
linked with proteins with plant nuclear localization signals. These proteins and
T-DNA localize to the nucleus of the plant where T-DNA is eventually integrated
into the genome and expressed. These proteins and the T4SSt.pna are encoded by
the non-transferred virulence (vir) genes also located on the Ti plasmid (for reviews
and more details on the transfer machinery and genetic transformation formation
process, see Pitzschke and Hirt 2010; Gelvin 2012; Lacroix and Citovsky 2013;
Subramoni et al. 2014; Nester 2015; Christie 2016; Gelvin 2017). Two major sets
of genes are borne on T-DNA. The first set, the oncogenes, is responsible for the
synthesis of the plant hormones auxin and cytokinin by the transformed host cells, a
feature that triggers their proliferation to form a tumor (Ooms et al. 1981; Akiyoshi
et al. 1983; Ream et al. 1983). The second set is responsible for the synthesis, of
low molecular weight compounds collectively termed opines (see Fig. 2) at the
expense of the metabolite pool of the plant. Opines play key ecological roles in the
Agrobacterium/plant interaction (for reviews, see Dessaux et al. 1998; Subramoni
et al. 2014).
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3.2 The Opine Concept

Opine synthesis by crown gall tumors and their assimilation by agrobacteria rep-
resents an archetype of ecological niche construction and exploitation processes by
a pathogen. Opines are secreted by transformed plant cells into the intercellular
spaces in the tumor, and to a lesser extent the whole plant (Savka and Farrand 1992;
Savka et al. 1996). Opines play two major roles in niche construction for
agrobacteria. First, they serve as growth substrates for the tumor-inciting strain and,
second, they stimulate the conjugative transfer of the Ti plasmid from pathogenic
Agrobacterium to other Agrobacterium cells (for a review, see Dessaux et al. 1998).
These features are at the origin of the opine concept that describes opines as
chemical mediators of parasitism. Synthesis of opines is induced by the pathogen,
thus providing an environment favorable to the growth of the bacteria and dis-
semination of its pathogenicity (Schell et al. 1979; Tempé and Petit 1983).

The opine concept was formulated years before the discovery of plants that
naturally harbor in their genomes DNA regions highly homologous to
Agrobacterium T-DNA. Among these species are members of the genera Nicotiana,
Linaria, and Ipomoea (White et al. 1983, Aoki et al. 1994; Suzuki et al. 2002;
Matveeva et al. 2012; Kyndt et al. 2015; Quispe-Huamanquispe et al. 2017).
Interestingly, some of these plants produce detectable amounts of opines (Chen and
Otten 2017). The opine concept could therefore incorporate both the tumorous
temporary niche and the permanent niche that naturally genetically modified plants
and their offspring represent. However, no clear demonstration of a stimulation of
the community of opine-degrading bacteria at the root system of these naturally
transformed plants has yet been reported.

3.3 Opine Metabolism Genes

Opines are most often synthesized from common molecules such as amino acids,
alpha-ketoacids, and sugars. Over 20 opine molecules are known (Fig. 2a-h). They
are not all present at the same time in a tumor and some opines are specific for a
given agrobacteria species. Indeed, the type opine synthesized by plant cells and
degraded by agrobacteria depends upon the type of Ti plasmid, a feature that has
been used to classify agrobacterial Ti plasmids (for a review, see Dessaux et al.
1998). The current list of agrobacterial opines is likely to be near complete. Indeed,
over the last 15 years no novel opine has been discovered except sulfonopine, a
sulfur-containing molecule detected in tumors induced by a single octopine-type
Agrobacterium strain (Flores-Mireles et al. 2012).

Genes involved in the biosynthesis and catabolism of opines are known for
several opine systems. Generally, opines derived from amino acids and
alpha-ketoacids (such as octopine or nopaline; Fig. 2a, b) are synthesized in one
step by a protein encoded by a single gene located on T-DNA (De Greve et al.
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1982; Koncz et al. 1983). The same is true for phospho-sugar opines of the
agrocinopine family (Joos et al. 1983; Fig. 2d). On the contrary, opines derived
from condensation of sugars and amino acids, the mannityl opines or the chrysopine
family opines (Fig. 2c, g), are synthesized in one, two, or three steps by the cor-
responding number of enzymes encoded by one, two, or three genes. These are
most often located on a T-DNA separate from that which carries the oncogenes
(Hood et al. 1986; Palanichelvam et al. 2000).

Opine catabolic genes are generally clustered in operons and regulons in
delineated regions of the Ti plasmids, and their expression is inducible by the
degraded opines (Klapwik et al. 1977; Klapwik et al. 1978; Chilton and Chilton
1984; Dessaux et al. 1988). Two sets of genes are present in the catabolic region.
The first encodes the transport system (e.g., Klapwik et al. 1977; Zanker et al. 1992)
that often consists of an ABC transporter and its cognate, high affinity (nM-uM
range) periplasmic-binding protein (Lang et al. 2014; El Sahili et al. 2015; Marty
et al. 2016; Vigouroux et al. 2017). The second encodes the enzymes involved in
the degradation of the opines to molecules that belong to central bacterial meta-
bolism. For example, octopine and nopaline are degraded into arginine, ornithine,
and glutamate, and pyruvate or alpha-ketoglutarate, respectively (Montoya et al.
1977; Ellis et al. 1979; Dessaux et al. 1986a, b). Remarkably, for some opines such
as the mannityl opines, genes, and functions involved in the synthesis and degra-
dation are closely related, suggesting that duplication events occurred in the course
of the evolution of the Ti plasmids (Kim et al. 1996; Hong et al. 1997; Kim and
Farrand 1996). A similar duplication also occurred with respect to genes involved
in the synthesis and degradation of the phospho-sugar opines agrocinopines A and
B (Kim and Farrand 1997).

3.4 Opines as Growth Substrates

The opine concept has been elaborated from the observation that all crown gall
tumors, including those initially reported not to contain any opine (i.e., the so-called
null type tumors), indeed contain such compounds (Guyon et al. 1980). The opine
hypothesis later received experimental validation. The first support for the opine
concept came from comparison of the growth of two closely related Agrobacterium
strains, one capable of degrading opines, the other not, at the root system of
transformed plants producing opines. The experiment revealed that plants pro-
ducing opines preferentially promote the growth of opine-degrading agrobacteria
(Guyon et al. 1993). A second set of experiments involved transformed plants
producing opines and two closely related Pseudomonas strains, one engineered—
via the introduction of an opine catabolic plasmid—to degrade opines, the other
not. The experiment demonstrated that the growth of the opine-degrading pseu-
domonad was favored at the root and leaf surface of opine-producing plants
(Wilson et al. 1995; Savka and Farrand 1997). A recent experiment (Lang et al.
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2014) involved the wild-type (WT) Agrobacterium strain C58 and a mutant unable
to degrade nopaline, the major opine found in the tumors incited by this strain.
When both strains were inoculated separately onto a plant, they multiplied in the
tumor to reach a similar bacterial concentration. However, when co-inoculated the
WT opine-degrading bacteria outcompeted the mutant. This observation formally
demonstrated that the presence of the opine does not increase the carrying capacity
of the tumor habitat for Agrobacterium but “selects for those able to assimilate it”
(Lang et al. 2014). A similar study extended this paradigm to the octopine-niche
(submitted by Vigouroux et al. 2017).

3.5 Opines as Inducers of Ti Plasmid Horizontal Transfer

The discovery of the Ti plasmid as key pathogenic element for Agrobacterium (Van
Larebeke et al. 1974; Watson et al. 1975) was rapidly followed by the demon-
stration that these plasmids can be transferred by conjugation between bacteria; a
phenomenon also regulated by opines (Kerr et al. 1977; Genetello et al. 1977). The
nature of the opines that induce conjugation varied as a function of the opine-type
of the plasmid. Thus, octopine induces the transfer of octopine-type plasmids,
whereas agrocinopines A and B induce transfer of nopaline-type plasmids, and
agrocinopines C and D the conjugation of agropine-type plasmids (Klapwijk et al.
1978; Petit et al. 1978; Ellis et al. 1982).

Ti plasmid transfer is also regulated by quorum sensing (QS; Piper et al. 1993;
Zhang et al. 1993). QS is a widely occurring regulatory process that couples gene
expression (in a positive or negative way) with bacterial cell concentration. It relies
upon the production and sensing by a bacterial population of diffusible signal(s), the
concentration of which indicates that of the microbial cells. Once a threshold
concentration of signal is reached in the environment, the presence of the signal is
sensed by receptors and translated into activation or repression of the expression of
the genes regulated by QS (for recent reviews on QS, see Garg et al. 2014;
Grandclément et al. 2016; Papenfort and Bassler 2016).

In the reference Agrobacterium strain C58, the presence of agrocinopines A and
B triggers the expression of the acc operon of the Ti plasmid that encodes agro-
cinopine degradation, and that of the adjacent arc operon by releasing the repres-
sion exerted by the master regulator AccR (Beck von Bodman et al. 1992).
Agrocinopine A can be cleaved into arabinose-2-P and sucrose by AccF, because
only arabinose-2-phosphate (and not agrocinopine A) interacts with AccR (El Sahili
et al. 2015). One of the genes of the arc operon is traR. It encodes the regulatory
protein TraR that, once bound to the QS signal, dimerizes and activates the tran-
scription of the traAFB, traCDG, and trb operons (Piper et al. 1999). The tra
operons encode components of the DNA transfer and replication (DTR) system that
recognizes and cleaves plasmid DNA at the origin of transfer (oriT) located
between the two tra operons (Farrand et al. 1996; Zechner et al. 2001). The b
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operon encodes components of a type IV secretion system (T4SS,r;) that permits
the transfer of the plasmid DNA and associated proteins to recipient bacteria (Li
et al. 1999). Interestingly, the first gene of the trb operon is tral. The eponym
protein Tral is responsible for the synthesis of a diffusible QS signal that belongs to
the widely distributed N-acyl homoserine lactone (AHL) class of signals (Hwang
et al. 1994). In the presence of agrocinopines but at low cell concentration, the trb
operon—hence, the Trbl QS signal synthase—is very weakly expressed and only
low amounts of QS signals accumulate in the environment. In the presence of
agrocinopines and at high cell concentrations, the QS signal concentration increases
and its presence is sensed by TraR that becomes activated and induces the full
expression of the T4SS,r; and DTR system, stimulating the transfer of the Ti
plasmid (Li et al. 1999; Li and Farrand 2000).

3.6 Cost and Control of Opine-Niche Construction
and Exploitation

As indicated above, the key step of opine-niche construction is the transfer of
T-DNA to plant cells via a dedicated T4SS (T4SSt.pna) that imposes a fitness cost
to agrobacteria (Platt et al. 2012). In a competitive arena, individuals expressing the
T4SSt.pna are disadvantaged compared to those impaired for T4SStpna OF
defective for a Ti plasmid. Indeed, in short-term experimental evolution cultures in
the presence of acetosyringone (an inducer of T4SSt_pna expression) and in plant
tumors, spontaneous mutants arose in the progeny of a virulent Agrobacterium
ancestor. These mutants were altered in virulence because of alteration or loss of the
Ti plasmid (Bélanger et al. 1995; Fortin et al. 1992, 1993; Llop et al. 2009).
Virulent agrobacteria exhibit three potential mechanisms to balance the fitness cost
and damage imposed by T-DNA transfer: (i) a tight control of vir gene expression
by phenolics, acidic pH, and sugars contributes to optimize the cost/benefit of
T4SSt.pna expression, hence the success of T-DNA transfer into plant cells (Nair
et al. 2011; He et al. 2009); (ii) Ti plasmid horizontal transfer that may re-introduce
the Ti plasmid into those cells which have lost it (Lang et al. 2013); (iii) a fitness
gain to agrobacteria—that have kept or acquired a Ti plasmid—because of
opine-niche exploitation (Lang et al. 2014). Conditioning the transfer of the Ti
plasmid to the tumor environment (opine as ecological proxy) ensures that the Ti
plasmid-carrying Agrobacterium individuals will gain a selective advantage in the
most compatible ecological niche.

In nature, the Ti plasmid may be transferred to other agrobacteria (other species
or clonal lineages) or non-agrobacteria that is free of a Ti plasmid, whereas this
transfer could be considered as advantageous for the Ti plasmid per se (selfish gene
and reservoir hypotheses), and it could be disadvantageous for the Ti plasmid donor
lineage because potential bacterial competitors could acquire the opine-niche
exploitation trait. Another important consideration in Ti plasmid transfer is its cost
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as the process uses a second T4SS;r. An experimental evolution experiment
conducted with an A. tumefaciens C58 derivative expressing QS and T4SS,r;
revealed the emergence of mutants defective for QS signal synthesis (mutations in
traR) or exhibiting a QS-hijacking behavior or defective for the presence of a Ti
plasmid (Tanniéres et al. 2017). Agrobacterium Ti plasmid donors exhibit several
mechanisms to finely control QS, and hence Ti plasmid transfer. QS relates Ti
plasmid transfer to a high population level of donors. This major requirement
allows a virulent population to become dominant in a plant tumor habitat before
activating Ti plasmid transfer, which is costly (growth slowdown) and hazardous
(increase of opine-assimilating competitors). Additional mechanisms which are not
present in all agrobacteria also contribute to delay QS signaling, therefore leaving
time for donors to proliferate before transferring a Ti plasmid. First, the TraM
protein encoded by traM on the Ti plasmid interacts with TraR and blocks the
formation of an active TraR homodimer at low QS signal concentrations (Khan
et al. 2008; Qin et al. 2007). Second, the lactonases BlcC and AiiB open the
gamma-butyrolactone ring of AHLs (Haudecoeur et al. 2009). The traM and aiiB
genes are encoded by the Ti plasmid and are expressed in the presence of agro-
cinopines in strain C58. The blcC gene (formerly attM) belongs to the bicABC
(formerly the a#KLM) operon located on pAt plasmids. BlcC is activated in the
presence of gamma-butyrolactone (GBL), gamma-hydroxybutyric acid (GHB), and
succinic semialdehyde (SSA), which are activated and repressed by a high and low
gamma-aminobutyric acid (GABA)/proline ratio, respectively (Carlier et al. 2004;
Lang et al. 2016), whereas TraM titrates TraR and prevents its early production,
intracellular lactonases constrain the level of AHLs in the intra- and extracellular
environments, hence their binding to TraR. Both these QS-delaying mechanisms
are bypassed when TraR and AHLs are produced at a high level (Khan et al. 2008;
Haudecoeur et al. 2009).

3.7 Competition for the Opine Niche by the Plant
Microbiota

Although engineered by Agrobacterium as a niche, the tumor can be colonized by
other opine-degrading microorganisms, including bacteria such as pseudomonads,
Sinorhizobium meliloti, Arthrobacter sp., coryneform isolates (Tremblay et al.
1987; Nautiyal and Dion 1990; Nautiyal et al. 1991; Moore et al. 1997; Faist et al.
2016), or by fungal strains (Cylindrocarpon heteronema and Fusarium solani;
Beauchamp et al. 1990). These microorganisms are naturally present in soils of
diverse origins, and their growth can be stimulated by opines produced by the tumor
and released at the root system of the plant independently of the soil and plant
considered (Oger et al. 1997; Mansouri et al. 2002, Mondy et al. 2014; Faist et al.
2016). Interestingly, as indicated earlier, opines are chemoattractants for
Agrobacterium (Kim and Farrand 1988). This feature may provide a way for
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agrobacteria that migrate from the tumor to return to the opine-rich niche of the
crown gall. A possibility exists that opines could also attract non-agrobacterial
organisms, but to the best of our knowledge, this has not yet been investigated.

3.8 Exploitation of Other Plant Tumor Resources

Besides opines, a wide variety of organic (amino acids, organic acids, oses, polyols,
etc.) and mineral compounds, which are potential resources for agrobacteria,
accumulate in plant tumors (Deeken et al. 2006; Lang et al. 2016). Unlike opines,
these compounds are not specific to tumor tissues and Ti plasmid type. To be
considered part of the niche construction process, these compounds should not only
accumulate in plant tumors, and their exploitation should also confer a selective
advantage to agrobacteria for colonizing this habitat. Numerous traits are potentially
consistent with this definition but experimental evidence is missing.
A chromosomal locus picA, which may be involved in the degradation of plant
polymers and whose expression is induced in the presence of plant tissues, may be
such a candidate (Rong et al. 1991).

Numerous Agrobacterium isolates (carrying or lacking a Ti plasmid) harbor
larger plasmids known as pAt plasmids (Merlo and Nester 1977; Rosenberg and
Huguet 1984; Hynes et al. 1985). pAt plasmids can be very different from one strain
to another, whereas they may comprise up to 10% of the agrobacterial genome,
only a limited number of pAt functions are known. In A. tumefaciens C58, aside
from utilization of GBL, GHB, and SSA (a by-product of GABA) as nutrients
(Carlier et al. 2004), the plasmid pAtC58 encodes degradation of the Amadori
compound deoxy-fructosyl-glutamine (Vaudequin-Dransart et al. 1995; Baek et al.
2003). Exploitation of these plant compounds could contribute to tumor colo-
nization by virulent (carrying Ti plasmid) and avirulent (free of Ti plasmid)
agrobacteria.

The question about the cost associated with At plasmid maintenance has been
investigated in Agrobacterium strain C58 by comparing different derivatives car-
rying two, only one, or none of the plasmids pAtC58 or pTiC58. In culture medium
when the T4SSt_pna and T4SS,r; are not expressed, the cost of carrying the pAt
plasmid was higher than that of the Ti plasmid (Morton et al. 2014). This may be
related to the large size of the pAt plasmid as well as to the constitutive expression
of the T4SS, 5, that promotes its conjugative transfer (Chen et al. 2002). A fitness
gain associated with the pAt plasmid was reported in the rhizosphere of Helianthus
annuus (Morton et al. 2014), but this question remains unsolved in plant tumors.
Interestingly, in Agrobacterium strain C58 the transfer of the pAt plasmid is
co-regulated with that of the Ti plasmid and strongly depends upon the activity of
the master regulatory protein AccR encoded by a Ti plasmid gene, the transcription
of which is induced in the presence of agrocinopines A and B (Lang et al. 2013).
This observation suggests that the tumor habitat stimulates a simultaneous propa-
gation of both the pAt and pTi plasmids, probably meaning that a selective
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advantage could be conferred by the acquisition of the two plasmids. In some
Agrobacterium strains, pTi and pAt plasmids can cointegrate and cooperate for
opine degradation (Vaudequin-Dransart et al. 1998). This cooperation has also been
observed for some Ri plasmids (Costantino et al. 1980; Petit et al. 1983). In strains
devoid of a Ti plasmid, the transfer of the pAt plasmid may also be regulated, by
QS, by-products of genes located on this plasmid. In this case, the existence of one
or more possible inducers of conjugation has not been demonstrated (Mhedbi-Hajri
et al. 2016).

4 Niche Construction and Exploitation
by Agrobacterium-Related Genera

All the findings described above paved the path to investigate whether the opine
concept can be extended outside the Agrobacterium clade. Experiments performed
with closely related Rhizobiaceae revealed that transformed plant roots induced by
Rhizobium rhizogenes (formerly Agrobacterium rhizogenes) also contain opines
(Petit et al. 1983). These two pathogens are closely related. Indeed, as in
Agrobacterium spp., pathogenic strains of R. rhizogenes harbor large plasmids
known as Ri plasmids (Moore et al. 1979). A portion of these plasmids, T-DNA, is
transferred to the nucleus of the plant cells where it integrates into the genome upon
infection (Chilton et al. 1982; Willmitzer et al. 1982; White et al. 1982). R. rhi-
zogenes T-DNA harbors oncogenes that for the most part differ from those of A.
tumefaciens and trigger the formation of transformed roots (e.g., Durand-Tardif
et al. 1985; Slightom et al. 1986; Cardarelli et al. 1987; Spena et al. 1987).
However, the genes involved in opine biosynthesis are often highly related to those
of Agrobacterium Ti plasmids, and several of them direct the synthesis of opines,
such as cucumopine or mannityl opines (Fig. 2d, e), that are also found in crown
gall tumors (Tepfer and Tempé 1981; Jouanin 1984; De Paolis et al. 1985; Petit and
Tempé 1985).

A further extension dealt with nitrogen-fixing nodules incited by Sinorhizobium
meliloti and Rhizobium leguminosarum strains on leguminous plants. Some of these
nodules contain opine-like molecules, identified as scyllo-inosamine (SI) and 3-O-
methyl-scyllo-inosamine (30SI; Murphy et al. 1987; Saint et al. 1993) and col-
lectively termed rhizopines (Fig. 3). However, only a limited number of strains of
these species (ca. 11-12% of assayed clones) were able to produce and degrade
rhizopines, independent of their geographical origin (Rossbach et al. 1995; Wexler
et al. 1995). Genes involved in both the synthesis and degradation of SI and 30SI
have been identified. They are adjacent on the symbiotic plasmid of the bacteria
(Murphy et al. 1987). In contrast to the Agrobacterium system, these biosynthetic
genes are not transferred to plant cells but are expressed by the bacteria itself in the
nodule context only. As with Agrobacterium opines, rhizopines provide a selective
advantage for rhizopine utilizers in the plant environment, possibly by providing a
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Fig. 3 Structural formulas of opine-like molecules found in nodules. The opine-like compound 3-
O-methyl-scyllo-inosamine (as well as scyllo-inosamine, not shown) is opine-like molecules
detected in nodules incited in alfalfa (Medicago sativa) by some strains of Rhizobium meliloti.
Rhizolotine is an opine-like compound found in Lotus spp. nodules incited by Mesorhizobium loti
strain NZP2037. This riboside molecule exhibits a tetrahydropyrimidine ring

selective nutrient to members of the population living around the nodules. This
selective advantage has been demonstrated by competition experiments that
involved a wild-type S. meliloti strain and a mutant unable to degrade rhizopines
(Gordon et al. 1996; Heinrich et al. 1999). For a recent review on rhizopines and
more data on genes involved in biosynthesis and degradation, the reader can refer to
Savka et al. (2013).

Two other opine-like molecules have been detected in the nitrogen-fixing nod-
ules induced on Lotus spp. by Mesorhizobium loti. One was identified as the
riboside of an alpha-hydroxy-imino acid and named rhizolotine (Fig. 3). The sec-
ond is an unidentified ninhydrin-positive compound (Shaw et al. 1986; Scott et al.
1987). No indication of the competitive advantage given to the rhizolotine-
degrading strains in nature is available.

Aside from the above-described interactions, other interactions between bacteria
and their hosts involve a trophic link. This is the case, for instance, for rhizobia that
induce nodules on mimosa (Acacia dealbata) or Leucaena spp. plants. Plants of
both genera produce large amount of mimosine, a toxic amino acid that only
rhizobia nodulating these plants can degrade (Soerdajo et al. 1994), providing them
with a selective advantage (Soedarjoa et al. 1998). Also the alkaloids calystegins
present in the roots and exudates of morning glory (Convolvulus arvensis), hedge
bindweed (Calystegia sepium), and belladonna (Atropa belladonna) can be effi-
ciently degraded by Sinorhizobium meliloti strain Rm 41, a strain that is frequently
detected in the root system of these plants, though they are not members of the
legume clade and not hosts for symbiotic nitrogen fixation (Tepfer et al. 1988).
None of these interactions, however, fits the description of the opine concept that
remains limited to agrobacteria and—to a certain extent—to some rhizobia. As
most rhizobia are symbionts, the opine concept should therefore be reformulated as
“opines are chemical mediators of plant-microbe interactions, the synthesis of
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which is induced by the micro-organism, thus providing an environment favorable
to its growth and dissemination of its plant-interacting capacity.”

All the above data prompted scientists to propose that the growth of beneficial
microbial populations in the rhizosphere could be engineered and favored by
establishing an opine-based, trophic link between the plant to protect and selected
microbial population (Savka et al. 2002: Dessaux et al. 2016). Though elegant, and
in spite of encouraging preliminary results obtained for some plant growth pro-
moting rhizobacteria (Dessaux et al. 1987; Guyon et al. 1993; Wilson et al. 1995;
Savka and Farrand 1997; Oger et al. 1997), this concept has not yet received
definitive experimental validation.

5 Unsolved Mysteries in Agrobacterium Ecology

5.1 Where Do Pathogenic Agrobacteria Hide in Nature?

Though some pathogenic Agrobacterium strains can be isolated from uncultivated
pasture soil (Schroth et al. 1971), natural soil, and plant rhizospheres, agrobacteria
isolates are most often nonpathogenic unless the place of isolation has a history of
crown gall contamination (Bouzar et al. 1993; Krimi et al. 2002; Dessaux,
unpublished). This feature led scientists to wonder whether pathogenic agrobacteria
can be isolated from some nursery soils because plants are contaminated and
therefore provide the source of bacteria, or whether the plants are contaminated
because virulent agrobacteria are present in these soils. This “chicken or egg”
causal dilemma cannot be definitively resolved at this time, but some factual and
speculative elements can be proposed. First, it is clear that exchange of contami-
nated plant material between various locations and countries could be at the origin
of crown gall outbursts (Pionnat et al. 1999). Once contaminated, and in spite of
seasonal fluctuations, soils can host agrobacterial populations and maintain them for
years (Bouzar et al. 1993; Krimi et al. 2002). Second, it cannot be excluded that
pathogenic agrobacteria can “hide” in the rhizosphere of non-host plants (i.e., plants
that do not develop crown gall symptoms) and, consequently, in places where they
will not be searched for. In agreement with this proposal, agrobacteria have been
detected at the root system of maize (Gomes et al. 2001) and wheat (Bednarova
et al. 1979).

An alternative or complementary hypothesis is that Agrobacterium do not hide,
but Ti plasmids do. It could be speculated that Ti plasmids could conjugate in
tumors to other, non-agrobacterial isolates where they could replicate. In support of
this model, Ti plasmids could conjugate to E. coli under laboratory conditions but
they do not replicate in this host (Holsters et al. 1978). They can also be transferred
to rhizobia that possess genetic backgrounds in which Ti plasmids can replicate but
do not always express their tumorigenic functions (Hooykaas et al. 1977; van Veen
et al. 1989; Teyssier-Cuvelle et al. 1999). Though attractive, this later hypothesis is
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not really supported by probabilistic elements. First, the conjugative transfer fre-
quency of the Ti plasmid in vitro reaches at best 10° per donor (Lang et al. 2013).
Second, to generate a pathogenic Agrobacterium, the Ti plasmid would have to
conjugate from the replicative bacteria back to an agrobacterial isolate in envi-
ronments deprived of opines that are precisely the inducers of this conjugative
transfer.

Clearly, the question of the reservoirs of Ti plasmids in nature remains an open
but critical one. Further investigations are necessary to identify such reservoirs and
complement our understanding of the ecology of both agrobacteria and Ti plasmid.
Studies that aim to elucidate the genes and functions that contribute to bacterial
fitness in tumors, the rhizosphere, bare soil, and possibly surface waters could
contribute to reach these objectives.

5.2 Origin of T-DNA, Origin of Opines

Analyses of Ti plasmids revealed that they exhibit a chimeric structure (Otten et al.
1993; Otten and De Ruffray 1994) composed mostly of four key clusters of genes:
the T-DNA, the virulence region that encodes the T4SSt.pna involved in T-DNA
transfer, the opine catabolic region, and the conjugative transfer regions that
includes the T4SS,r;. Interestingly, in A. tumefaciens Ti plasmids, T-DNA, the
T4SSt.pna, and the conjugative region(s) are highly related, whereas the opine
catabolic regions differ from one plasmid type to another. The homology of several
genes that encode the T4SStpna and the T4SS,p; (Chen et al. 2002) clearly
suggests that both may derive from a common ancestral protein secretion system.
Similarly, T-DNA genes responsible for the production of the plant hormone auxin,
namely iaaM and iaaH, are orthologues of genes found in members of the
Pseudomonas savastanoi species (Yamada et al. 1985). The cytokinin biosynthetic
gene, ipt or tmr, is also related to the cytokinin biosynthetic gene ptz of
P. savastanoi (Powell and Morris 1986).

As indicated above, A. tumefaciens T-DNAs differ from one another mostly by
the nature of the opine anabolic genes. A parsimonious hypothesis therefore implies
that T-DNA and the T4SSt.pna have been acquired before the genes involved in
opine metabolism in the evolutionary history of the plasmids, possibly as a way to
reduce plant defense (Dunoyer et al. 2006; Gohlke and Deeken 2014). Furthermore,
opine metabolic genes could have different origins. Some of these opine metabolic
genes have evolved by duplication from common ancestor(s). This is the case of the
genes involved in the synthesis and degradation of the mannityl opines. The syn-
thesis of mannopine and mannopinic acid proceeds in two steps: (i) the conden-
sation of glucose with glutamine or glutamate, respectively, to Schiff bases and their
Amadori rearrangement compounds to form deoxy-fructosyl-glutamine (dfgln) and
deoxy-fructosyl-glutamate (dfglu; Fig. 2g); (ii) the reduction of dfgln and dfglu to
mannopine or mannopinic acid, respectively (Ellis et al. 1984). Mannopine can be
dehydrated to yield the cognate lactone agropine, another mannityl opine (Dessaux
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et al. 1986a, b). Degradation proceeds almost in the reverse way. Agropine
undergoes a lactonolysis to mannopine that is in turn degraded to dfgln and
mannose and glutamine. Dfglu is degraded to mannose and glutamate. In this
scheme, dfgln appears to play a central role. First, it is also an opine found in the
tumors induced by strains of Agrobacterium that harbor a chrysopine-type Ti
plasmid; second, and in contrast to most opines, dfgln can be degraded by
numerous strains of Agrobacterium irrespective of their virulence (Bouzar et al.
1995; Chilton et al. 1995; Vaudequin-Dransart et al. 1995). Accordingly, the Ti
plasmid-free derivative of the reference strain C58 can metabolize dfgln via the
product of genes located on the At plasmid that are highly homologous to genes
found on the Ti plasmids (Baek et al. 2003). Remarkably, contrary to the situation
with other opines, dfgln and dfglu occur widely in nature, ie., outside
Agrobacterium-induced tumors. As with numerous Amadori compounds, dfgln and
dfglu form spontaneously in decaying plant material (Anet 1957; Anet and
Reynolds 1957). It is tempting to speculate that their common occurrence in nature
provides a sufficient selective pressure to account for the emergence and selection
of degradative functions, as seen in nonpathogenic strains of Agrobacterium. The
duplication of the degradative opine genes and their incorporation into a “proto
T-DNA” could have provided Agrobacterium with a way to force living plant cells
to produce dfgln and dfglu. A further step in the evolution of the Ti plasmid could
be the acquisition of opine anabolic and catabolic functions to allow the conversion
of the two Amadori compounds to mannopine and mannopinic acid and later
agropine (and vice versa) that are less accessible to competing organisms. Though
entirely speculative, this model is nevertheless consistent with the physiological,
biochemical, and molecular data available today.

The origins of other opine metabolic functions are even more speculative than
those of the dfgln and mannityl opines. Octopine is synthesized in the muscle of
marine animals such as octopus and squid during anaerobic muscle contraction
(Thoai and Robin 1959) as a way to re-oxidize NADH, regenerate ATP, and reduce
the concentrations of both arginine and pyruvate that accumulate under this condi-
tion (Grieshaber and Gide 1976). Because marine agrobacterial isolates have been
obtained (Riiger and Hofle 1992), a possibility exists that octopine degradation in
these bacteria arose in relation with the presence of octopine in marine animals. In
agreement, octopine-degrading bacteria have been isolated from mussels and oysters
(Dion 1986). The related structures and sequence homologies of both the catabolic
and anabolic genes for octopine and nopaline (Zanker et al. 1992, 1994) also suggest
that these two opine systems may have evolved from a common ancestor.

The origin of sugar opines, such as the agrocinopines, is also unclear.
Agrocinopine A is composed of sucrose linked to L-arabinose by a phosphodiester
bond, whereas in Agrocinopine C, a p-glucose is present instead of the L-arabinose
in agrocinopine A. Agrocinopines B and D differ from A and C, respectively, by
lacking one sugar from the sucrose moiety (Ellis and Murphy 1981). In
Agrobacterium strain C58, agrocinopine A is cleaved into arabinose-2-phosphate
that is able to interact with AccR for activating quorum-sensing and Ti plasmid
conjugation (EI Sahili et al. 2015). Noticeably, arabinose-2-phosphate is uncommon
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(unique until now) in the living world due to the unusual phosphate linkage on the
C2 atom of the pyranose. This exemplifies the capacity of Agrobacterium to
innovate by the use of a signal that is discriminable among the diverse sugars in
plant hosts.

The occurrence of various opine anabolic and degradative systems may appear
puzzling at first glance. However, the occurrence of multiple opine systems could
indeed allow the diversification and coexistence of various agrobacterial popula-
tions in the same plant environment. These populations can therefore be considered
as sympatric, and may eventually evolve novel species in further evolutionary steps
(Lassalle et al. 2015). In agreement, whereas octopine or heliopine can be found in
tumors incited by numerous Agrobacterium species, a number of opines such as
cucumopine or ridéopine have been found only in grapevine tumors induced by
members of the A. vitis species (Chilton et al. 2001). Similarly, cucumopine (or
mikimopine) are detected only in hairy roots induced by R. rhizogenes (Davioud
et al. 1988).

5.3 Is Agrobacterium’s Ability to Transfer DNA
to Organisms Belonging to Other Kingdoms Unique?

Agrobacterium spp. and R. rhizogenes, due to the presence of Ti and highly related Ri
plasmids, are to the best of our knowledge rare examples of bacteria naturally capable
of transferring DNA to members of the eukaryote kingdom (Lacroix and Citovsky
2016). However, Ensifer adhaerens, arelated bacterium, has recently been reported to
transform plant cells when equipped with an appropriate plant transformation plasmid
vector of the pPCAMBIA series (Wendt et al. 2012). Aside from Agrobacterium, the
only transkingdom DNA transfer that has been reported under laboratory conditions is
between the pathogen Bartonella henselae and ahuman endothelial cell line (Schroder
et al. 2011). B. henselae is not a major human pathogen except in immune-
compromised patients where it may trigger a disease known as bacillary angiomatosis
(Dehio 2005). A mobilisable cryptic plasmid from another Barfonella species was
tagged with a fluorescent protein gene expressed only in eukaryotic backgrounds and
introduced into a B. henselae strain that was used to infect endothelial cells.
Post-infection, a low numbers of cells were fluorescent, indicating a T4SS-mediated
transfer frequency of the plasmid of ~2 x 10~*. There is, however, no direct evi-
dence that such a transfer may occur in animals, and no indication that such a transfer
may lead to a permanent transformation of the recipient eukaryotic cells.

A recurring question is why no other bacteria have evolved comparable host
transformation systems? First, to inquire whether other systems comparable to the
Ti and Ri plasmids exist, 21 bp DNA border sequences have been compared to
sequences of bacterial genomes or soil microbial metagenomes in data banks. The
only hits identified were members of the two former genera (Agrobacterium and
Rhizobium; Dessaux, unpublished). Second, the uniqueness of the Agrobacterium
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spp. and R. rhizogenes transformation machinery could be explained by some of the
evolutionary elements presented above which indicate that the occurrence of Ti and
Ri plasmids proceeded in several steps, under selective pressures that may have
rarely encountered in the living world. In other words, acquisition of Ti and Ri
plasmids was quite an exceptional event.

In addition, once Ti and Ri plasmids evolved, it appears that their propagation in
other bacteria was restricted by various factors. For instance, Ti plasmids do not
replicate in firmicutes and actinobacteria, nor do they in beta- and
gamma-proteobacteria such as E. coli or pseudomonads (Holsters et al. 1978;
Dessaux, unpublished). Also, cloned Ti plasmid genes such as the opine catabolic
genes are generally not expressed in other bacteria, including proteobacteria
(Dessaux et al. 1987). Even in the related Rhizobium group where Ti plasmids
replicate, tumor-inducing functions may or may not be expressed (Klein and Klein
1953; Hooykaas et al. 1977; van Veen et al. 1989) possibly because chromosomal
genes involved in this process (see for instance Douglas et al. 1985; Close et al.
1985; Thomashow et al. 1987) may be missing. These data imply that transfer of
the Ti plasmid outside the Agrobacterium genera, the R. rhizogenes species, and
some Rhizobium species may be an evolutionary cul-de-sac either because the
plasmid does not replicate or because the plasmid functions are not expressed. To a
certain extent, and from an anthropomorphic point of view, Agrobacterium dras-
tically protects the invention of the Ti plasmids that allow it to shift from a gen-
eralist behavior in the soil and the rhizosphere to a specialist behavior in the tumor
where it escapes most microbial competitors and a part of plant defense.
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Abstract A great diversity of bacterial cell shapes can be found in nature, suggesting
that cell wall biogenesis is regulated both spatially and temporally. Although
Agrobacterium tumefaciens has a rod-shaped morphology, the mechanisms under-
lying cell growth are strikingly different than other well-studied rod-shaped bacteria
including Escherichia coli. Technological advances, such as the ability to deplete
essential genes and the development of fluorescent p-amino acids, have enabled
recent advances in our understanding of cell wall biogenesis during cell elongation
and division of A. tumefaciens. In this review, we address how the field has evolved
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over the years by providing a historical overview of cell elongation and division in
rod-shaped bacteria. Next, we summarize the current understanding of cell growth
and cell division processes in A. tumefaciens. Finally, we highlight the need for
further research to answer key questions related to the regulation of cell wall bio-
genesis in A. tumefaciens.

1 Introduction

Hidden in the microscopic world, a great diversity of bacterial morphologies can be
found. From simple rods and spheres, to very complex star- and helical-shaped
bacteria, the mechanisms by which these fascinating organisms achieve, maintain,
or evolve cell shapes are currently under investigation. The bacterial peptidoglycan
(PG) cell wall is one of the fundamental determinants of cell shape, and research
has revealed that carefully regulated enzymatic processes are used to achieve and
maintain a characteristic morphology. Thus, the constant targeting of biosynthetic
machineries and remodeling enzymes to specific subcellular locations ensure that a
specific morphology can be maintained for many generations. The bacterial cell
wall biosynthetic machinery is comprised of high molecular weight penicillin-
binding proteins (HMW-PBPs) (Typas et al. 2011) and glycosyltransferases such as
shape, elongation, division, and sporulation proteins (SEDS) (Meeske et al. 2016).
A second subset of enzymes, including endopeptidases, carboxypeptidases, and
L,D-transpeptidases (LDTs), is involved in remodeling of the PG (Typas et al.
2011). Finally, amidases and lytic transglycosylases (LTGs) are required for the
hydrolysis of the PG mesh, enabling cell separation (van Heijenoort 2011; Uehara
and Bernhardt 2011). Accordingly, PBPs, SEDS proteins, remodeling enzymes, and
autolysins work in concert to modify continuously and expand the PG, allowing
cell elongation and division to proceed. In recent years, technological advances
such as the development of genetic tools (Morton and Fuqua 2012; Figueroa-Cuilan
et al. 2016; Grangeon et al. 2017) and use of fluorescent p-amino acids (Kuru et al.
2012, 2015; Siegrist et al. 2015; Howell et al. 2017b) have contributed to our
understanding of cell growth patterning and the underlying mechanisms in diverse
bacteria, including Agrobacterium tumefaciens.

A. tumefaciens is a rod-shaped, gram-negative soil bacterium and the causative
agent of crown gall disease in flowering plants (Escobar and Dandekar 2003; Nester
2014). Studies using amine-reactive dyes, non-canonical p-amino acids, and
fluorescent p-amino acids demonstrated that A. tumefaciens and other members of
the class Rhizobiales exhibit unipolar elongation (Brown et al. 2012; Kuru et al.
2012). In contrast, in Escherichia coli, a classical model for studies of bacterial cell
growth and division, PG insertion is dispersed along the existing lateral cell wall
during elongation (Cava et al. 2013).
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2 Cell Growth and Division of Rod-Shaped Bacteria:
A Historical Perspective

Here, we provide a historical perspective of the advances in our understanding of
cell growth and division of rod-shaped bacteria including E. coli, A. tumefaciens,
and Rhizobium meliloti. These early studies laid the groundwork for more recent
studies which highlight key mechanistic differences in cell elongation among
rod-shaped bacteria.

In E. coli, disruption of chromosome replication or cell division causes cells to
elongate dramatically. Gamma irradiation (Lea et al. 1937), ultraviolet irradiation
(Barner and Cohen 1956), and treatments with antibiotics that cause DNA damage
or target components of the DNA replication machinery such as mitomycin C and
nalidixic acid (Latch and Margolin 1997; Kilgore and Greenberg 1961;
Helmstetter and Pierucci 1968; Goss et al. 1964) cause E. coli cells to form long,
smooth filaments (Fig. la:1-2). Similarly, treatment with antibiotics, including
cephalexin and carbenicillin, that inhibit mid-cell PG biogenesis, also causes
E. coli cells to become filamentous (Fig. la:3—4) (Latch and Margolin 1997;
Rolinson 1980; Zupan et al. 2013). In addition, numerous temperature-sensitive
(TS) mutants with filamentous growth at elevated temperature were isolated
(Fig. 1a:5) (Van De Putte et al. 1964). Mapping of genes with mutations
responsible for cell filamentation led to the identification of the fts (filamentous
growth is thermosensitive) genes (Ricard and Hirota 1973; Lutkenhaus and
Donachie 1979; Lutkenhaus et al. 1980). fts genes encode proteins belonging to a
core complex of highly conserved proteins, termed the divisome, which functions
in cell division (See Sect. 4).

The first indication that A. fumefaciens may have a different growth pattern
than E. coli emerged when isolation of TS mutants with a block in cell division
failed to produce filamentous cells (Fig. 1b:5) (Fujiwara and Fukui 1972). Among
17 temperature-sensitive mutants which do not divide at elevated temperatures,
three exhibited an atypical branched morphology, while the remaining mutants
exhibited a spherical morphology (Fig. 1b:5). In the branching mutants, cell
growth occurred exclusively at one pole of a cell and branches were formed from
splitting of the growth-active poles (Fujiwara and Fukui 1974b). While the growth
mode of individual wild-type cells could not be deduced, the pattern of micro-
colony formation led to the hypothesis that A. tumefaciens growth occurs at a
single pole (Fujiwara and Fukui 1974b). These results were supported by the
observation that mitomycin C and nalidixic acid block cell division and cause
branching of R. meliloti and A. tumefaciens cells (Fig. 1b:1-2) (Latch and
Margolin 1997; Fujiwara and Fukui 1974a). Furthermore, treating R. meliloti and
A. tumefaciens with cephalexin or carbenicillin also causes a branched morphol-
ogy to emerge (Fig. 1b:3—4) (Latch and Margolin 1997; Zupan et al. 2013).
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Fig. 1 Morphological changes induced by inhibition of cell division. Treatments include DNA
damaging agents (1-2) and beta-lactam antibiotics (3—4). Cell division is also blocked in
temperature-sensitive (TS) mutants (5) when incubated at high temperatures. a In E. coli, when cell
division is inhibited, a filamentous phenotype is consistently observed. b In the Rhizobiales,
phenotypes induced by cell division blocks are more variable and induce branching, bulging,
elongated, and spherical cells. Schematics depicted in this figure show the impact of these
treatments as observed in the indicated references (Latch and Margolin 1997; Zupan et al. 2013;
Fujiwara and Fukui 1972, 1974a, b; Van De Putte et al. 1964, Kilgore and Greenberg 1961;
Helmstetter and Pierucci 1968; Goss et al. 1964)

Despite the compelling evidence that blocking cell division causes branching,
consistent with a model of polar elongation, these observations remained largely
unrecognized. Indeed, Bergey’s Manual of Systematic Bacteriology indicates that
Agrobacterium does not reproduce by budding at one pole of the cell (Kuykendall
2005). More recently, the growth pattern of bacteria belonging to the order
Rhizobiales, including A. tumefaciens, has been described as unipolar elongation
(Fig. 2) (Brown et al. 2012; Kuru et al. 2012).
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Fig. 2 Schematic and fluorescence images illustrating the A. tumefaciens growth pattern. The
growth pattern of A. tfumefaciens includes three stages: (1) polar growth during cell elongation,
(2) a transition when polar growth terminates and mid-cell PG synthesis is initiated, and
(3) mid-cell PG synthesis during cell division. a The schematic indicates areas of active PG
synthesis (showed in cyan) throughout the cell cycle. b Fluorescence images of individual
A. tumefaciens cells following a short pulse label with a fluorescent p-amino acid (HADA) reveal
sites of PG synthesis throughout the cell cycle. These images highlight the three different stages of
PG synthesis

3 Cell Elongation in A. tumefaciens

In rod-shaped bacteria, cell growth is defined as the insertion of peptidoglycan
(PG) resulting in the elongation of the cell. In gram-negative bacteria, the PG cell
wall is located in the periplasmic space between the outer and inner membranes
(Fig. 3a). The PG cell wall is a net-like structure that aids bacteria to withstand
osmotic pressure conferred by the environment and is comprised of a polysac-
charide containing alternating N-acetylglucosamine (NAG) and N-acetylmuramic
acid (NAM) sugars. The NAM sugar is decorated with a pentapeptide stem,
composed of the following p-amino acids: L-Ala, p-Glu, p-DAP-L, p-Ala, p-Ala
(Fig. 3b). The pentapeptide stem enables NAG-NAM disaccharides to be cross-
linked to one another through peptide bridges (Fig. 3b). Although A. tumefaciens
PG resembles the canonical structure of PG for a gram-negative bacterium (Erbs
et al. 2008), a number of distinctive features were revealed by compositional
analysis of the PG (Brown et al. 2012). These features include an increased
abundance of overall muropeptide crosslinkage and an enrichment in L,p-Dap-Dap
crosslinks formed by LDTs. Interestingly, increased abundance of
L,D-cross-linkages is a common feature among polar growing bacteria such as
Mpycobacterium (Lavollay et al. 2008, 2011), indicating that LDTs may play an
important role during polar elongation. Another feature of A. tumefaciens PG is the
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«Fig. 3 Peptidoglycan structure and crosslinking reactions catalyzed by p,p-transpeptidases and L,
D-transpeptidases of A. tumefaciens. a Schematic illustrating the cell envelope of A. tumefaciens
which includes the outer membrane, inner membrane, and peptidoglycan (PG) in the periplasmic
space. PG is composed of glycan strands containing alternating N-acetylglucosamine (NAG) and
N-acetylmuramic acid (NAM) sugars. The NAM sugar is decorated with a pentapeptide stem,
enabling adjacent glycan strands to be linked through peptide bridges to stabilize the PG.
b Transpeptidation reactions crosslink peptidoglycan. A representative D,D-transpeptidation
reaction is illustrated in the top panel. A monomeric donor with five peptides in the stem (M5)
is crosslinked to a monomeric acceptor with four peptides in the stem (M4). This transpeptidation
reaction produces a dimeric muropeptide (D44). The catalysis of b,b-transpeptidation reactions is
performed by bifunctional and monofunctional PBPs. A representative L,D-transpeptidation
reaction is shown in the bottom panel. Crosslinking of an M4 donor and M4 acceptor produces a
dimeric muropeptide (D34). L,b-transpeptidation reactions are catalyzed by L,D-transpeptidases
(LDTs). In A. tumefaciens, three different subfamilies of LDTs can be found: YcbB, YbiS, and
YafK. With the exception of Atu2764, the proteins belonging to the YbiS subfamily are specific to
the Rhizobiales

absence of detectable anhydromuropeptides. Anhydromuropeptides occupy the
terminal position in glycan strands of PG from gram-negative bacteria, and thus the
abundance of anhydromuropeptides provides an indirect measure of average glycan
strand length. This inability to detect anhydromuropeptides in A. tumefaciens, PG
could be explained by: (1) modification of anhydromuropeptides masking their
detection, (2) an unusually long glycan strand length, or (3) a novel mechanism for
glycan strand termination. Together, these observations suggest that the composi-
tion of PG in A. tumefaciens differs from that of other well-studied gram-negative
bacteria such as E. coli.

In this section, we first highlight the unipolar growth pattern during elongation
of A. tumefaciens. Next, potential mechanisms for targeting PG biosynthesis to the
growth pole and the role of enzymes in polar synthesis of PG are discussed. Finally,
we consider how PG biosynthesis is terminated at the growth pole, allowing
establishment of a new growth zone near mid-cell for cell division.

3.1 A. tumefaciens Elongates Unipolarly

The growth of several rod-shaped bacteria is characterized by insertion of new PG
alongside the lateral walls of the cell, a process mediated in part by the actin-like
scaffolding protein MreB (for review, see (Errington 2015). MreB interacts with
multiple components of the cell wall machinery and functions as a regulator to
maintain proper rod-cell shape during cell elongation. Remarkably, the genomes of
representative members of the order Rhizobiales lack the core components of the
elongasome, the protein complex responsible for insertion of new PG into the
existing wall material during cell elongation, including MreB (Errington 2015;
Margolin 2009). This observation, coupled with the branched morphologies
resulting from treatment of A. fumefaciens with DNA damaging agents or antibi-
otics which inhibit mid-cell PG biosynthesis (Fig. 1b), provides further evidence for
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an alternative mode of growth during cell elongation. To compare the growth
pattern of A. tumefaciens and E. coli, cells were transiently treated with the
amine-reactive dye Texas Red-X succinimidyl ester (TRSE) to label the outer
membrane proteins. During dispersed growth of E. coli cells in the absence of
TRSE, incorporation of new unlabeled material along the lateral walls of the cell
results in dilution of the TRSE signal. In contrast, the TRSE signal remains fixed in
the cell body and old pole compartment of elongating A. tumefaciens because
growth occurs at the new cell pole (Brown et al. 2012). Similar growth patterns
were observed using methods that directly label the peptidoglycan, including
pulse-chase labeling of PG with p-cysteine (Brown et al. 2012) and short pulse
labeling of PG with fluorescent p-amino acids (FDAAs) (Fig. 2) (Kuru et al. 2012).
Together, these experiments led to the elucidation of the growth patterning of
A. tumefaciens, which consists of three main growth stages: (1) polar growth during
cell elongation, (2) termination of polar growth and initiation of mid-cell PG
synthesis, and (3) PG insertion at mid-cell to promote cell division (Fig. 2)
(Cameron et al. 2015; Howell and Brown 2016; Kysela et al. 2013; Yang et al.
2016). During elongation, the PG biosynthesis machinery is strictly targeted to the
new cell pole. The cells continue to grow unipolarly for about a third of a cell cycle
by addition of new PG at the cell pole, displacing older PG. Next, termination of
polar growth coincides with recruitment of FtsZ to mid-cell and subsequent PG
insertion at mid-cell. Insertion of PG at mid-cell continues until the septum is
formed and the daughter cells separate. Whereas the growth pattern of A. tumefa-
ciens has been clearly established, we are just beginning to understand the mech-
anisms underlying unipolar elongation.

3.2 How Is the PG Synthesis Machinery Targeted to a Cell
Pole During Elongation?

In A. tumefaciens, the strict polar targeting of PG biosynthesis machinery during
cell elongation suggests that an underlying mechanism restricts growth to one pole.
How can protein complexes be targeted to polar locations within bacterial cells?
Several polar targeting principles have been described, including the ability of proteins
to recognize negative membrane curvature and the accumulation of polymer-forming
proteins in DNA-free regions such as poles (Laloux and Jacobs-Wagner 2014).
Polymer-forming landmark proteins function to recruit additional proteins to the
pole, enabling polar protein complexes to form. For example, a polar hub estab-
lished through interactions with the polar organizing protein PopZ enables proper
chromosome segregation in Caulobacter crescentus (Bowman et al. 2008;
Ebersbach et al. 2008; Bowman et al. 2010), and DivIVA is necessary for polar
growth in Actinobacteria (Flardh 2003; Kang et al. 2008; Letek et al. 2009; Fuchino
et al. 2013; Hempel et al. 2008). Thus, it is likely that establishment of a polar
protein complex to regulate polar growth in A. fumefaciens may also rely on a
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landmark protein. In A. tumefaciens, only two candidate polar landmark proteins,
PopZ and PodJ, have been characterized. Surprisingly, neither PopZ nor PodJ are
strictly required for polar growth, although both proteins contribute to the transition
from polar growth to mid-cell growth (see Sect. 3.4) (Grangeon et al. 2015; Howell
et al. 2017a; Ehrle et al. 2017; Grangeon et al. 2017; Anderson-Furgeson et al.
2016). Thus, dissection of the molecular composition of A. tumefaciens growth
poles will be necessary to determine whether novel polar organizing proteins are
present and able to target the PG biosynthetic machinery to the new pole.

An alternative mechanism of polar targeting that may contribute to regulation of
PG biosynthesis during elongation in A. tumefaciens is inheritance from the divi-
sion site (Laloux and Jacobs-Wagner 2014). When rod-shaped bacteria undergo cell
division, each newborn cell inherits a new pole formed during cell division. Thus,
proteins localizing to mid-cell during cell division will be present at the new pole of
the new daughter cells. The absence of the canonical rod-shaped cell elongation
machinery in A. tumefaciens (Brown et al. 2012; Cameron et al. 2014) indicates that
the conserved cell division machinery may influence where new growth resumes
after cell division. In A. fumefaciens, the cell division proteins FtsZ and FtsA
display polar localization during elongation and then localize to mid-cell before cell
division (Brown et al. 2012; Zupan et al. 2013; Grangeon et al. 2015; Howell et al.
2017a). The importance of the FtsZ and FtsA foci at the new cell pole during cell
elongation is still largely unknown; however, the absence of FtsZ causes tip
splitting to occur at growth poles, suggesting that FtsZ may be required for proper
termination of polar growth (Howell and Brown 2016). It remains to be determined
whether any of the divisome proteins are retained at the new poles following cell
division function in polar growth.

3.3 PG Biosynthesis at a Pole: Candidate Enzymes
Contributing to Cell Wall Expansion in A. tumefaciens

The enzymes contributing to PG biosynthesis are well-conserved across bacteria
and are likely to contribute to polar PG biosynthesis in A. tumefaciens (Cameron
et al. 2014; Howell and Brown 2016). The first group of enzymes consists of the
high molecular weight penicillin-binding proteins (HMW-PBPs) (Fig. 3b, top
panel) (Scheffers and Pinho 2005; Egan et al. 2015; Sauvage et al. 2008; Typas
etal. 2011). HMW-PBPs are subdivided into two groups: bifunctional PBPs, which
possess transglycosylase and pp-transpeptidase activities (PBP1), and monofunc-
tional PBPs, which have pp-transpeptidase activity only (PBP2, PBP3). The
transglycosylase activity of PBPs is responsible for the addition of the nascent
NAG-NAM disaccharide to the existing glycan strand, whereas the pp-transpepti-
dase links adjacent peptide stems. A representative peptide bond formed by
DD-transpeptidases activity occurs between the p-Ala at the fourth position of the
peptide stem (M5 donor) and the p-stereogenic center of DAP at the third position
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of the peptide stem (M4 acceptor) in two adjacent monomeric muropeptides to form
a dimeric muropeptide (Fig. 3b, top panel). In addition to PBPs, another enzyme
that may be contributing to PG biosynthesis in A. tumefaciens is the monofunctional
peptidoglycan glycosyltransferase MtgA, which is responsible for elongation of
glycan strands during cell division in E. coli (Derouaux et al. 2008).

The genome of A. fumefaciens contains genes predicted to encode six
HMW-PBPs; four bifunctional (PBP1a, PBP1b1l, PBP1b2, and PBP1c), and two
monofunctional (PBP3a and PBP3b) (Fig. 3b, top panel) (Cameron et al. 2014).
A. tumefaciens PBPla localizes to the growth pole during most of the cell cycle
(Cameron et al. 2014) and is essential for cell survival (Curtis and Brun 2014),
suggesting that PBP1a may have an important function during polar elongation. In
contrast, PBP3a and PBP3b localize at mid-cell during cell division (Cameron et al.
2014). PBP3a is essential for viability (Curtis and Brun 2014) whereas no changes
in growth rates or phenotype were observed in the absence of PBP3b (Cameron
et al. 2014). These results suggest that PBP3a may be a major contributor to PG
biosynthesis during cell division; however, other PBPs may also function during
cell division because labeling PBPs with a fluorescent penicillin derivative,
Bocillin-FL (Zhao et al. 1999), results in a strong mid-cell signal (Cameron et al.
2014). Furthermore, treatment of WT cells with carbenicillin, a penicillin derivative
that blocks the pp-transpeptidase activity of PBPs, leads to mid-cell bulges with no
obvious effects on the cell poles (Fig. 1b:4)(Zupan et al. 2013). Together, these
results indicate that PBPla may contribute to polar growth, whereas PBP3a and
possibly other PBPs are involved in septal PG synthesis during cell division. There
are many open questions regarding the activities of HMW-PBPs in A. tumefaciens.
If PBP1a functions in polar elongation, how its activity is restricted to the new pole
during elongation and how its activity is terminated prior to cell division? In E. coli,
the activity of PBP1A and PBP1B is dependent on the cognate lipoproteins LpoA
and LpoB, respectively (Paradis-Bleau et al. 2010; Typas et al. 2010). Although
Lpo-like proteins are not encoded by the genome of A. tumefaciens, the presence of
a domain of unknown function between the enzymatic domains of PBP1a suggests
that its activity may be regulated. Are both PBP3a and PBP3b core components of
the division machinery? What is the function of the remaining HMW-PBPs? As
answers to these questions emerge, we expect to gain insights into the molecular
mechanism underlying the cell growth pattern.

The next set of enzymes hypothesized to contribute to the polar elongation of
A. tumefaciens are the L,p-Transpeptidases (LDTs) (Cameron et al. 2014; Howell
and Brown 2016; Brown et al. 2012). LDTs are penicillin-insensitive enzymes
involved in the catalysis of direct crosslinks between two D-DAP-L peptides at the
third position of adjacent muropeptide stems (Fig. 3B, bottom panel). Muropeptide
composition analyses indicate that A. fumefaciens PG is enriched in muropeptides
containing LD-crosslinks (Brown et al. 2012). PG from other polar growing bacteria
such as Mycobacterium also contains muropeptides with a high percentage
(60-80%) of Lp-crosslinks, suggesting an important role of LDTs in polar growth
(Lavollay et al. 2008, 2011). Moreover, a loss of several LDTs from
Mycobacterium tuberculosis leads to defects in cell morphology, such as cell
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rounding (Sanders et al. 2014), and B-lactam antibiotic sensitivity (Gupta et al.
2010). Consistent with the high abundance of Lp-crosslinks in the PG, the genome
of A. tumefaciens reveals an enrichment in genes encoding LDT enzymes (Cameron
et al. 2014). Genes encoding a total of 14 candidate LDTs have been identified in
the A. tumefaciens genome. Interestingly, the YbiS subfamily of LDTs consists of
seven Rhizobiales-specific LDTs and one commonly found in other bacterial
classes. The remaining six LDTs belong to two subfamilies called YcbB and YafK
(Fig. 3b, bottom panel). Two of the Rhizobiales-specific LDTs (ATU0845,
ATU0669) localize to the growth pole during most of the cell cycle (Cameron et al.
2014). These results indicate that LDTs may play a crucial, and perhaps essential,
role during polar growth. More studies will be required to dissect the precise role
and functional redundancy of LDTs in A. tumefaciens.

3.4 Release from the Pole: Transition from Polar Growth
to Mid-Cell Growth

Before termination of polar elongation, a transition of growth from the new cell pole
to mid-cell occurs (Fig. 2). During this transition, the septal PG biosynthetic
machinery is recruited to mid-cell to form the septum of the incipient daughter cells.
In A. tumefaciens, so far three proteins have been found to contribute to this transition.

First, the polar organizing protein (PopZ) is a polymer-forming landmark protein
that serves as a hub for polar proteins. In C. crescentus, PopZ is required to tether
the chromosomal origin to the cell pole and for assembly of proteins required for
stalk development (Bowman et al. 2008, 2010, 2013; Ebersbach et al. 2008; Laloux
and Jacobs-Wagner 2013; Holmes et al. 2016). In A. tumefaciens, PopZ strictly
localizes to the new cell pole during cell elongation and then to mid-cell during late
stages of cell division (Grangeon et al. 2015). The absence of PopZ results in cell
division defects such as ectopic pole formation, tip splitting, bulging, and formation
of small cells that lack DNA (Howell et al. 2017a; Grangeon et al. 2017). The
chromosome partitioning protein, ParB, and cell division proteins, FtsZ and FtsA,
are mislocalized in cells lacking PopZ (Howell et al. 2017a; Ehrle et al. 2017).
Together, these observations suggest that PopZ participates in multiple processes
including chromosome segregation and the transition from polar growth to mid-cell
PG biosynthesis during cell division. It remains to be determined whether PopZ has
a direct role in regulation of PG biosynthesis at the growth pole or during cell
division. Alternatively, the observed defects in cell division could be secondary to
the defect in chromosome segregation caused by the absence of PopZ.

Another candidate polymer-forming landmark protein is PodJ. In C. crescentus,
PodJ is located at the old pole, recruits cell cycle regulators to the pole, and enables
development of polar structures including the flagellum and pili (Hinz et al. 2003;
Viollier et al. 2002). In A. tumefaciens, PodJ initially localizes to the old pole but
slowly accumulates at the new pole indicating a possible role in the transition from
a new, growth-active pole to an old, growth-inactive pole (Grangeon et al. 2015).



98 W. M. Figueroa-Cuilan and P. J. B. Brown

The absence of PodJ causes the formation of elongated cells with multiple con-
strictions and branching, suggesting that polar growth is not terminated efficiently
leading to subsequent defects in cell division (Anderson-Furgeson et al. 2016).
Remarkably, FtsZ and FtsA have atypical localization patterns and FtsZ-rings and
FtsA-rings often form at failed sites of cell division in the absence of PodJ. These
data suggest that PodJ contributes to the transitioning of PG biosynthesis machinery
from the cell pole to mid-cell. One possibility is that the transition of the
growth-active pole to a growth-inactive pole mediated by PodJ is coordinated with
onset of PG biosynthesis at mid-cell for cell division. Further mechanistic studies
will be necessary to determine why the sites of cell division that are established in
the absence of PodJ often fail to septate.

Because proper establishment of future sites of cell division appears to be
important for the transition of polar growth to mid-cell PG biosynthesis, it is logical
to consider the role of cell division proteins in these processes. Both FtsZ and FtsA
remain at the pole for a portion of the cell cycle before localizing near mid-cell to
mark the future site of cell division (Brown et al. 2012; Cameron et al. 2014; Zupan
et al. 2013). FtsZ-depleted cells exhibit a complete block of cell division leading to
cell branching, multipolar elongation, and tip splitting (Howell and Brown 2016).
This observation suggests that FtsZ is required not only for the establishment of PG
biosynthesis at mid-cell, but also for the termination of polar PG biosynthesis.
While it is clear that the absence of FtsZ prevents the transition of the growth-active
pole to a growth-inactive pole, additional studies are needed to determine the
precise functions of FtsZ and the proteins it recruits to mid-cell during the inacti-
vation of the growth pole.

4 Cell Division in A. tumefaciens

The onset of cell division is characterized by a burst of septal PG synthesis at
mid-cell (Fig. 2). Remarkably, septal growth must be regulated and the PG must be
remodeled to generate the incipient bacterial cell poles. Indeed, precise coordination
of these processes depends on the divisome, a multiprotein complex dedicated to
orchestrating cell division. The divisome consists of over 30 proteins which are
highly conserved among bacteria (Haeusser and Margolin 2016). Placement of FtsZ
at mid-cell leads to the recruitment and assembly of the other cell division proteins
to the site of cell division. In rod-shaped bacteria such as E. coli and Bacillus
subtilis, FtsZ and its membrane anchor FtsA move the septal PG biosynthesis
machinery around the circumference of the site of cell division using a treadmilling
motion (Bisson-Filho et al. 2017; Yang et al. 2017).

Here, we speculate on the mechanism of cell division in A. fumefaciens using the
linear hierarchical model for cell division of E. coli (Du and Lutkenhaus 2017) as a
reference. We also discuss what little is known about the function of the proteins
contributing to the cell division of A. tumefaciens and highlight questions for
future work.
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4.1 Establishment of the FtsZ-Ring

The typical assembly pathway for the divisome is comprised of two stages:
establishment of the Z-ring and recruitment of late cell division proteins for PG
biosynthesis (Du and Lutkenhaus 2017). During the first stage, GTP-dependent
interactions between FtsZ monomers allow the formation of FtsZ protofilaments at
mid-cell, where the concentration of proteins that inhibit FtsZ-polymer formation is
the lowest (Oliva et al. 2004; Rowlett and Margolin 2013; Wu and Errington 2011).
FtsA and ZipA are recruited to mid-cell where they bind the conserved C-terminal
peptide (CTP) domain of FtsZ to anchor it to the inner membrane, allowing the
Z-ring to coalesce at mid-cell (Pichoff and Lutkenhaus 2005; Haney et al. 2001).
FtsA is also required for the recruitment and regulation of other downstream
divisome proteins such as FtsN (Pichoff et al. 2015; Liu et al. 2015). FtsEX are the
final core divisome proteins recruited during the first stage. They regulate key cell
wall events such as PG septal synthesis and hydrolysis (Yang et al. 2011) and
stimulate the FtsA-mediated recruitment of downstream divisome proteins to
mid-cell (Du et al. 2016).

The predicted divisome of A. tumefaciens consists of the putative early proteins
FtsZ, FtsA, and FtsEX, but lacks the FtsZ membrane anchor ZipA (Fig. 4a, b)
(Cameron et al. 2014). Remarkably, the genome of A. fumefaciens contains three
homologs of ftsZ (Atu2086, Atud673, and Atud215). Atu2086 (hereafter termed
FtsZ) is syntenic with conserved genes that encode essential members of the cell
division machinery, including FtsA (Atu2087) and FtsQ (Atu2088) (Cameron et al.
2014), suggesting that FtsZ encodes the major cell division scaffolding protein of
A. tumefaciens. FtsZ is a tubulin homolog composed of a short N-terminal domain
of unknown function, a GTPase domain necessary for the hydrolysis of GTP, a
C-terminal linker (CTL) which influences polymer structure and dynamics, and a
conserved C-terminal peptide (CTP) required for the membrane tethering of
FtsZ (Zupan et al. 2013). The role of the two additional homologs of FtsZ in
A. tumefaciens has not been determined; however, one of these copies lacks the
both the CTL and CTP domains and the other is truncated in the GTPase domain
(Zupan et al. 2013), suggesting that they may have distinct functions from FtsZ.
Indeed, a saturating transposon mutagenesis screen suggests that only FtsZ is
essential for viability (Curtis and Brun 2014). FtsZ localizes at the new pole during
elongation and at mid-cell during cell division (Brown et al. 2012; Zupan et al.
2013; Grangeon et al. 2015; Cameron et al. 2015; Howell et al. 2017a). Moreover,
recruitment of FtsZ to mid-cell is coordinated with the initiation of constriction at
the future site of cell division (Brown et al. 2012). Time-lapse microscopy
of FtsZ-depleted cells exhibits gross morphological defects such as branching,
multipolar elongation, and tip splitting, suggesting that FtsZ is essential for cell
division, viability, and establishment of cell shape and length (Howell and
Brown 2016). Overall, these results suggest that FtsZ is the major cell division
scaffolding protein necessary for the recruitment of the divisome to mid-cell in
A. tumefaciens (Fig. 4a).
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Fig. 4 Predicted divisome components of A. tumefaciens. a Predicted temporal order of assembly
of candidate proteins involved in cell division and cell separation in A. tumefaciens. (1) FtsZar
monomers migrate to mid-cell to form a Z-ring at the future site of cell division. (2) Recruitment of
early divisome proteins such as FtsA and FtsEX to mid-cell. At this time, the Z-ring is tethered to
the inner membrane by membrane-associated proteins such as FtsA, FzIA, or FzIC. (3) The late
divisome proteins (FtsQB, Ftsl, and FtsN) are recruited to mid-cell leading to the maturation of the
divisome and activation septal PG biosynthesis. (4) PG hydrolases and their regulators are
recruited to mid-cell to hydrolyze septal PG. (5) Finally, cell separation is completed upon the
action of PG hydrolases. The presence of a question mark (?) indicates uncertainty in the
localization or function of the protein during cell division. b Predicted spatial organization of
the mature core A. tumefaciens divisome. Essentiality of the core divisome proteins is shown:
E indicates essential for survival, ¥ indicates unresolved essentiality, and the absence of superscript
indicates that the protein is not essential (Curtis and Brun 2014)

In A. tumefaciens, localization studies place FtsZ at the site for cell division
before the arrival of FtsA to mid-cell (Grangeon et al. 2015; Cameron et al. 2014)
(Fig. 4a), indicating that FtsA may not be the only anchor of FtsZ. One candidate
FtsZ anchor is FzIC. In C. crescentus, FzICc localizes to the incipient cell division
site with the early wave of cell division proteins (Goley et al. 2010) and interacts
with the CTP of FtsZ to anchor it to the inner membrane (Meier et al. 2016).
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In A. tumefaciens, FzIC At is present (Cameron et al. 2014) and shares 56% simi-
larity with FzICcc, suggesting that FzIC 1 may anchor FtsZ at mid-cell. Another
candidate for tethering FtsZ is FzIA, a putative glutathione S-transferase
(GST) protein. In C. crescentus, FzlAcc is an essential protein that localizes to
mid-cell in an FtsZ-dependent manner, directly interacts with FtsZ in vitro, and
regulates FtsZ protofilament curvature (Lariviere et al. 2018; Goley et al. 2011). In
A. tumefaciens, Fzl1Aat is predicted to be an essential protein (Curtis and Brun
2014) and shares 67% similarity to FzlAcc, suggesting that FzIA ot could interact
with FtsZ. The final candidate for the tethering of FtsZ to the membrane is FtsE.
FtsE is part of the early wave of divisome proteins and interacts with FtsZ (Huang
et al. 2013; Goley et al. 2011). In addition to possible roles in stabilization of the
FtsZ-rings, FtsA and FtsEX likely contribute to the proper regulation of PG
biosynthesis at mid-cell; however, the contributions of these proteins to cell divi-
sion have not yet been explored in A. fumefaciens.

4.2 Divisome Maturation and Initiation of Septal PG
Biosynthesis

The second stage of divisome assembly involves the recruitment of late cell divi-
sion proteins to regulate PG biosynthesis at mid-cell. In E. coli, the proteins
sequentially recruited to mid-cell are FtsK, FtsQ, FtsL, FtsB, FtsW, Ftsl, and FtsN
(Du and Lutkenhaus 2017). FtsK has multiple functions, including the transport and
decatenation of DNA, and the localization of FtsQLB to mid-cell (Massey et al.
20006). FtsQ, FtsL, and FtsB are membrane proteins that serve as scaffolds for other
divisome proteins (Gonzalez et al. 2010). The complex formed by FtsQLB is
activated by divisome maturation and regulates PG biosynthesis by modulating the
activities of FtsI and FtsW (Tsang and Bernhardt 2015). The precise mechanism by
which FtsQLB is activated is unknown, but it is hypothesized that FtsN may trigger
the activation of the complex. Next, FtsW, a polytopic membrane protein with
glycosyltransferase activity, is recruited to mid-cell and subsequently recruits FtsI
(PBP3) to mid-cell (Cho et al. 2016). Together, FtsW and PBP3 are major con-
tributors to PG biosynthesis at mid-cell. FtsN is the last essential divisome protein
recruited to mid-cell (Weiss 2015). The arrival of FtsN to mid-cell signals the
completion of divisome maturation, and septal PG biosynthesis is initiated. FtsN
also recruits enzymes involved in the hydrolysis of septal PG to mid-cell, enabling
pole remodeling and cell separation (Weiss 2015).

The late cell division proteins predicted to be encoded in the A. tumefaciens
genome include two copies of FtsK, FtsQ, FtsB, FtsW, two copies of FtsI (PBP3a
and PBP3b), and FtsN (Fig. 4a, b) (Cameron et al. 2014). Neither FtsK homolog is
predicted to be essential (Curtis and Brun 2014) although the potential for redun-
dancy means that one or both copies of FtsK could play important roles in chro-
mosome segregation, cell division, or both processes. The functions of the FtsK
proteins have not yet been explored in A. fumefaciens. The FtsQLB complex plays
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an important role in cell division of E. coli (Gonzalez et al. 2010; Tsang and
Bernhardt 2015); however, in A. fumefaciens only FtsQ is predicted to be essential,
and a homolog of FtsL cannot be readily identified in the genome (Cameron et al.
2014; Curtis and Brun 2014). Thus, it will be of interest to determine whether FtsQ
and FtsB form a complex important for recruitment of other divisome proteins and
contribute to regulation of septal PG biosynthesis. PBP3a (Atu2100) and PBP3b
(Atul1067) localize to mid-cell, consistent with a role in cell division (Cameron et al.
2014), and PBP3a is essential for cell survival (Curtis and Brun 2014). A deletion
stain for PBP3b was constructed, but no phenotypic changes were observed
(Cameron et al. 2014). Together, these results suggest that in A. tumefaciens, PBP3a
is the major septal biosynthesis PBP. The predicted FtsN in A. tumefaciens has an
extended N-terminal region giving rise to an atypical protein topology when
compared to E. coli FtsN. The N-terminus is predicted to be periplasmic, followed
by a cytoplasmic loop, and a periplasmic C-terminus (Fig. 4b). Only the C-terminal
region (amino acids 675-1008) of the A. tumefaciens FtsN, which contains a 3-helix
region, a glutamine-rich linker, and a SPOR domain, shares similarity with E. coli
FtsN. In E. coli, the cytoplasmic tail of FtsN interacts with FtsA, the 3-helix region
may interact with the FtsQLB complex, and the SPOR domain binds PG and is
important for recruiting FtsN to mid-cell (Weiss 2015). Although the function of
FtsN is unknown in A. tumefaciens, it is exciting to consider how the altered protein
structure may affect the functions and regulatory abilities of FtsN during cell
division and cell separation.

4.3 Pole Remodeling and Cell Separation

In E. coli, the cell separation process is mediated by PG hydrolases including lytic
transglycosylases (LTGs) and amidases. LTGs are enzymes that cleave B-1,4 gly-
cosidic linkages in the glycan strands, leading to the formation of terminating
sugars with 1,6-anhydromuramic acid rings. The degradation of the PG by LTGs
initiates the early steps in cell wall recycling as the product of LTG activity is
internalized and converted to lipid II in the cytoplasm (Johnson et al. 2013; Park
and Uehara 2008; Vollmer et al. 2008). Most bacteria possess multiple LTGs, and
inactivation of all seven in E. coli is not tolerated, suggesting that at least some of
the enzymes are redundant and have critical functions (Heidrich et al. 2002).
A. tumefaciens has at least five LTGs (Cameron et al. 2014), and individual LTGs
are not required for cell viability (Curtis and Brun 2014); however, the function of
LTGs in cell division and peptidoglycan recycling remains to be explored.
Amidases are hydrolytic enzymes that specifically cleave the amide bond that
links the NAM sugar with the peptide stem (van Heijenoort 2011).
LytM-containing proteins typically function as endopeptidases; however, in E. coli
catalytically inactive LytM proteins (dLytM) function as regulators of amidase
activity. dLytMs are recruited to mid-cell by FtsN and FtsEX and activate amidases
(Peters et al. 2011; Yang et al. 2011; Uehara et al. 2009, 2010). In E. coli, a block of
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septal PG synthesis using cephalexin affects the localization of amidases but not
dLytM factors, suggesting that ongoing PG synthesis may be required to modulate
amidase activity (Peters et al. 2011). A. fumefaciens contains a single LytC-type
amidase (AmiC) and two dLytM proteins (EnvC and DipM) (Cameron et al. 2014)
(Fig. 4). The predictions that AmiC will function during septum cleavage and that
its activity is regulated by DipM remain to be tested experimentally. In addition,
genes encoding the targets of EnvC regulation, AmiA and AmiB, are not present in
the A. tumefaciens genome, suggesting that EnvC may regulate other enzymes
involved in cell separation. During the final step of cell separation, the Tol-Pal
complex constricts the outer membrane as the septum is cleaved (van Heijenoort
2011; Egan 2018). The Tol-Pal system connects the bacterial outer membrane,
periplasm, and cytoplasm through a series of protein—protein interactions. During
cell division, this system is thought to provide the energy required for constricting
the outer membrane as septum synthesis and hydrolysis shape the new daughter cell
poles (Egan 2018). In A. tumefaciens, the Tol-Pal complex is present (Cameron
et al. 2014) (Fig. 4b) and likely essential for cell viability (Curtis and Brun 2014),
suggesting that these proteins may have an important function in outer membrane
constriction and cell separation. Whereas the presence of genes encoding PG
biosynthetic enzymes, PG hydrolases, and putative regulators allows a preliminary
model of the A. fumefaciens divisome to emerge (Fig. 4b), the functions of these
proteins need to be resolved to paint a clear picture of the processes of mid-cell PG
biosynthesis, septum cleavage, pole remodeling, and cell separation in
A. tumefaciens.

5 Concluding Remarks and Outstanding Questions

Although the mechanisms by which polar growth and cell division take place in
A. tumefaciens are largely unknown, significant advances in the field have recently
been accomplished. A. fumefaciens has become a model organism for the study of
polar growth, and the development of new genetic tools to deplete essential proteins in
A. tumefaciens (Figueroa-Cuilan et al. 2016; Grangeon et al. 2017) should enable
mechanistic studies in the future. These genetic tools, coupled with advances in PG
compositional analysis (Cava and de Pedro 2014) and the ability to visualize sites of
PG synthesis (Kuru et al. 2012, 2015), provide the resources needed to tackle out-
standing questions about the spatial and temporal regulation of PG biosynthesis in
A. tumefaciens. Just a few of the many remaining questions are summarized below in
hopes of encouraging future investigations to improve our understanding of mecha-
nisms underlying the coordination of polar growth and cell division in A. tumefaciens.

First, is the PG biosynthesis machinery conserved among polar growing bac-
teria? Characteristic features have been identified among polar growing bacteria,
including an increased abundance of overall muropeptide crosslinking and an
enrichment in of Lp-crosslinks (Brown et al. 2012). These observations suggest that
the PG biosynthesis machinery of polar growing bacteria may require a conserved
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subset of enzymes to direct polar elongation. Second, what proteins are required for
polar elongation? In A. tumefaciens, the predicted elongasome complex is only
composed of PBP1a, a bifunctional PBP which is predicted to be essential (Curtis
and Brun 2014) and has a polar localization pattern (Cameron et al. 2014). Whereas
PBPs are expected to be important contributors to polar PG biosynthesis, other
enzymes are also likely contributors. Consistent with the increased abundance of
Lp-crosslinks, the genomes of polar growing bacteria are enriched in genes which
are predicted to encode LDTs. Interestingly, a subfamily of LDTs, YbiS is
Rhizobiales-specific and two members of this subfamily of LDTs exhibit polar
localization (Cameron et al. 2014); however, the contribution of LDTs to polar
elongation is still unknown. Furthermore, additional proteins are likely necessary
either to target the enzymes to the growth pole or restrict their activity to the growth
pole. Third, how does FtsZ find the middle in A. fumefaciens? In E. coli, FtsZ
negative regulators prevent the polymerization of FtsZ at the cell poles and over the
nucleoid, allowing the Z-ring to form only at mid-cell. In bacteria, two well-known
systems prevent FtsZ polymerization: the Min system and Nucleoid Occlusion
(NO) (Rowlett and Margolin 2013; Wu and Errington 2011). In A. tumefaciens,
only the Min system is readily identifiable in the genome sequence; however, the
Min system is predicted to be dispensable for viability (Curtis and Brun 2014), and
absence of the Min system does not cause significant cell division defects (Flores
et al. 2018) suggesting that another mechanism must contribute to proper FtsZ
positioning. In addition to understanding how FtsZ is properly positioned, it is
necessary to understand how the placement of FtsZ at mid-cell is coordinated with
the termination of polar growth. Fourth, how is the divisome assembled in
A. tumefaciens? To begin to address this question, it will be necessary to determine
how FtsZ is tethered to the membrane at mid-cell. FtsA arrives at mid-cell after FtsZ
(Cameron et al. 2014; Grangeon et al. 2015), indicating that FtsA may not be the
only anchor of FtsZ. Other candidates for tethering FtsZ to the membrane include
FzlA and FzIC. Next, it will be necessary to confirm and identify the components of
the divisome and characterize the contribution of each protein component to septum
formation at mid-cell. Finally, how is the activity of autolysins, including amidases
and LTGs, coordinated to enable pole remodeling and cell separation? The use of
new and existing genetic and biochemical tools for A. tumefaciens should help
answer these questions and will reveal how essential processes including DNA
replication, PG biosynthesis, chromosome segregation, cell division, and cell sep-
aration are coordinated during the cell cycle.
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made by A. tumefaciens have been characterized extensively with respect to their
structure, synthesis, regulation, and role in the life of the bacteria. These are
cyclic-B-(1, 2)-glucan, cellulose, curdlan, succinoglycan, and the unipolar polysac-
charide (UPP). This chapter describes the structure, synthesis, regulation, and func-
tion of these five exopolysaccharides.

1 Introduction

Agrobacterium exopolysaccharides play a major role in the life of the cell.
Exopolysaccharides are required for bacterial growth as a biofilm and they protect
the bacteria against environmental stresses (Weiner et al. 1995). Under some
growth conditions, exopolysaccharides make up 20% or more of the dry weight of
the bacterial culture (Breedveld and Miller 1994). Five of the exopolysaccharides
made by A. tumefaciens have been characterized extensively with respect to their
structure, synthesis, regulation, and role in the life of the bacteria. These are
cyclic-B-(1, 2)-glucan, cellulose, curdlan, succinoglycan, and the unipolar polysac-
charide (UPP). A. tumefaciens and its close relatives make additional exopolysac-
charides including a polymer of glucose, galactose, and pyruvic acid with a 17-mer
repeat unit (O’Neill et al. 1992); a polymer of glucose, galactose, mannose,
and pyruvic acid (Hou et al. 1996); a gel-forming polymer of galactose, arabinose,
and aminogalactose named PGHX (Liu et al. 2016); and an acetylated polymer-
containing glucose, galactose and an unidentified deoxy-sugar which is capable of
interfering with the binding of A. fumefaciens to plants (Reuhs et al. 1997). There is
little additional information on the synthesis, regulation, or role of these less
characterized exopolysaccharides. Inspection of the genome of A. tumefaciens C58
suggests that the bacteria can produce additional exopolysaccharides, which have
not yet been described.

This chapter will only discuss the five exopolysaccharides which have been well
characterized. For each of these more is known about some aspects of their biology
than others. The genes required for the synthesis of each of these exopolysaccha-
rides have largely been identified. The structure is known for all but the unipolar
polysaccharide (UPP). Much is known about the regulation of the synthesis of the
UPP and of cellulose. There is less information about the regulation of cyclic
B-(1, 2) glucans and succinoglycan. The information available on the regulation of
curdlan synthesis exclusively derives from an overproducing industrial strain with
an unknown relationship to wild-type strains such as C58. The roles of each of
these exopolysaccharides in the life of the bacteria are still being explored. Tables
listing the genes known to be involved in the synthesis (Table 1) and regulation
(Table 2) of these exopolysaccharides are included in the chapter.
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Table 1 Genes Involved in the Synthesis of Exopolysaccharides in A. tumefaciens

Gene name | Gene Function References
number

Cyclic-beta-1,2-glucan

chvA Amu2728 Polysaccharide transport Cangelosi et al. (1989)

chvB Atu2730 Glycosyltransferase Zorreguieta et al.
(1985)

Cellulose

celA Amu3309 Cellulose synthase Matthysse et al. (1995)

celB Amu3308 Membrane protein Matthysse et al. (1995)

celC Am3307 Endoglucanase Matthysse et al. (1995)

celD Atu3302 Unknown Matthysse et al. (1995)

celE Atu3303 Unknown Matthysse et al. (1995)

Curdlan

crdA Amu3057 Membrane protein Stasinopoulos et al.
(1999)

crdS Au3056 Curdlan synthase Stasinopoulos et al.
(1999)

crdC Am3055 Polysaccharide transport Mclntosh et al. (2005)

Succinoglycan

ex0A Atu4053 Glycosyltransferase Reuber and Walker
(1993)

exoB Atu4166 UDP-glucose-epimerase Reuber and Walker
(1993)

exoC Atu4074 Phosphoglucomutase Reuber and Walker

(pgm) (1993)

exoF Atu3326 Polysaccharide transport Reuber and Walker
(1993)

exoH Atu4056 Succinyltransferase Reuber and Walker
(1993)

exoK Au4055 Endo-glycanase York and Walker
(1998)

exoL Atu4054 Glycosyltransferase Reuber and Walker
(1993)

exoM Amu4052 Glycosyltransferase Reuber and Walker
(1993)

exoN Atu4050 UTP-glucose-1-phosphate uridyltransferase Reuber and Walker
(1993)

exo0 Atu4051 Glycosyltransferase Reuber and Walker
(1993)

exoP Aru4049 Wzz homologue, polysaccharide transport Reuber and Walker
(1993)

exoQ Atu3325 Polysaccharide transport Reuber and Walker
(1993)

(continued)
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Gene name | Gene Function References
number

exoT Atu4057 Polysaccharide transport Reuber and Walker
(1993)

exoU Atu4060 Glycosyltransferase Reuber and Walker
(1993)

exoV Atu4059 Polysaccharide pyruvyltransferase Reuber and Walker
(1993)

exoW Atu4058 Glycosyltransferase Reuber and Walker
(1993)

exoY Atu3327 Polysaccharide transport Reuber and Walker

(1993)

Unipolar polysaccharide

uppA Atul235 Membrane protein, may transfer a sugar to Xu et al. (2012)
bactoprenol

uppB Atul236 Glycosyltransferase type 1 Xu et al. (2013)
uppC Atul237 Glycosyltransferase type 4 Xu et al. (2012)
uppD Atul238 Polysaccharide export protein, membrane Xu et al. (2012)
(gumB) protein

uppE Atul239 Polysaccharide transport protein, membrane Xu et al. (2012)
(exoP) protein

uppF Atul240 Possible acetyltransferase Xu et al. (2012)
pSsA At0102 Homologue of uppE and exoP, membrane Xu et al. (2012)

protein

2 Cyclic g-(1, 2)-Glucan

2.1 Structure and Biosynthesis

Cyclic-B-(1, 2)-glucans are polymers of B-(1—2) linked p-glucose molecules. They
are found in many members of the Rhizobiacea (Breedveld and Miller 1994). In
agrobacteria, the polymers contain between 17 and 25 glucose residues. They may
contain substitutions which vary with species; in agrobacteria, they are principally
1-phosphoglycerol linked by a phosphodiester bond to C-6 of glucose (Fig. 1b).
Substitutions are added to the neutral cyclic glucan after it is synthesized. The
cyclic glucans are predominately located in the periplasmic space, where they may
reach concentrations as high as 15 mM. In stationary phase or at elevated tem-
peratures, varying amounts may be secreted to the medium (Breedveld and Miller

1994).
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Fig. 1 a Structure of the repeating unit of succinoglycan of A. tumefaciens. Letters M, L, A, O, U,
and W indicate the Exo enzymes which catalyze the formation of the indicated bond. ? indicates
that the Exo enzyme which forms this bond has not been identified. The addition of succinic acid is
catalyzed by ExoH, and the addition of pyruvate is catalyzed by ExoV. b Structure of cyclic-B-(1,
2)-glucan. The letter B indicates ChvB which is responsible for forming the bond between the
glucose units and for forming a cyclic molecule. The cyclic ring contains between 17 and 25
glucose units. The number of phosphorylglycerol substitutions per ring is variable but averages
about 3. ? indicates that the enzyme which adds the phosphorylglycerol has not been identified.
¢ Structure of the repeating unit of cellulose. A (B) indicates that CelA is responsible for the
synthesis. CelA requires the presence of an adjacent CelB molecule to function. d Structure of the
repeating unit of curdlan. S (A) indicates that CrdS is responsible for the synthetic reaction. CrdS
requires the presence of an adjacent CrdA molecule to function

The precursor for the cyclic-B-(1, 2)-glucans is UDP-glucose (Castro et al. 1996).
Two genes, chvA and chvB, are required for the biosynthesis of cyclic-B-(1, 2)-
glucans in A. tumefaciens (Table 1). Both are cell membrane proteins. ChvB is the
glycosyl-transferase which synthesizes the glucose chain. It also appears to catalyze
the cyclization of the chain. A large portion of the C-terminal region of ChvB is not
required for cyclic-B-(1, 2)-glucan synthesis (Zorreguieta et al. 1988). The function
of this region is unknown. ChvA transports the cyclic-B-(1, 2)-glucan across the
membrane (O’Connell and Handelsman 1989). The exoC (aka pgm and pscA) gene
is also required for cyclic-B-(1, 2)-glucan synthesis (Thomashow et al. 1987; Uttaro
et al. 1990). It encodes a phosphoglucomutase which catalyzes the reaction o-D-
glucose 1-phosphate < a-D-glucose 6-phosphate. This reaction is required for the
synthesis of many polysaccharides including cyclic-B-(1, 2)-glucan, succinoglycan,
cellulose, curdlan, and lipopolysaccharide and is not specific to the cyclic glucans.

2.2 Regulation

The production of cyclic-B-(1, 2)-glucans is controlled by ionic and osmotic
strength. As far as is known, the expression of the chvA and chvB genes is
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constitutive (Ingram-Smith and Miller 1998). Enzymatic activity of ChvB is
inhibited in vitro by as little as 10 mM NaCl. Cyclic-B-(1, 2)-glucans are made
when the cell is in low-ionic strength medium. Neutral solutes such as glycine
betaine or trehalose added to the medium at 1 M concentration stimulate cyclic-f-
(1, 2)-glucan synthesis and reverse the inhibition by ions (Ingram-Smith and Miller
1998). ChvA and the C-terminal portion of ChvB are not required for these effects.
High osmolarity of the medium due to solutes which are not osmoprotectants, such
as 0.5 M sucrose or mannitol, reduces the net accumulation of cyclic-B-(1, 2)-
glucans but does not affect the activity of the enzyme. An enzyme capable of
degrading B-(1, 2)-glucans has been identified in Chitinophaga aversicola (Abe
et al. 2017). A. tumefaciens has a homologue to this gene (Aru3054) encoding a
protein of unidentified function which might play a role in regulating the amount of
cyclic-B-(1, 2)-glucans present in the cell.

Bacteria grown in low-phosphate media do not have phosphoglycerol sub-
stituents on their cyclic-B-(1, 2)-glucans. Under these conditions the cyclic-B-(1, 2)-
glucans are neutral. The amount of the cyclic-B-(1, 2)-glucans produced is
unchanged. In agrobacteria, the neutral glucans seem to function in the same
manner as the negatively charged polymers (Breedveld et al. 1995).

2.3 Function

Cyclic-B-(1, 2)-glucans are needed by the bacteria to allow normal growth in low
ionic strength media. Mutants which lack ChvB show slower growth in medium
consisting of 0.1% yeast extract (Ingram-Smith and Miller 1998). The addition of
0.02% NaCl restored the growth of the mutants to that of the wild-type parent.
ChvB mutants also show a number of other phenotypes which are puzzling. They
are nonmotile, unable to transfer the plasmid pAGKS84 by conjugation, fail to bind
to plant surfaces, and are avirulent (Puvanesarajah et al. 1985). These multiple
phenotypes suggest that the lack of cyclic-B-(1, 2)-glucans causes changes in the
surface of the bacteria. Most of these changes can be at least partially reversed at
high osmolarity (Ingram-Smith and Miller 1998). Lack of binding to plant surfaces
and virulence can also be reversed by incubating the bacteria with plants at a low
temperature, 16 °C (Bash and Matthysse 2002). When first isolated, ChvB mutants
were described as unable to bind to plant cells and it was proposed that cyclic-B-(1,
2)-glucans mediate binding to plant surfaces (Douglas et al. 1982). However,
cyclic-B-(1, 2)-glucans added to the medium have no effect on binding of either
wild-type or mutant bacteria (Swart et al. 1994). The effects on binding and viru-
lence of mutations in genes required for cyclic-glucan production were also
observed to vary with the plant host (Hawes and Pueppke 1989). Thus, the major
role of these glucose oligomers appears to be in allowing cells to function in
low-ionic strength medium.
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3 Succinoglycan

3.1 Structure and Biosynthesis

Succinoglycan is a branched chain polysaccharide made up of repeating units of
eight sugars. The backbone contains one galactose and three glucose residues with a
side chain of four glucose molecules. The basic structure is shown in Fig. la. There
is generally a succinic acid and a pyruvate substitution on the side chain as shown.
In many rhizobia, there is also an acetate substitution on the main chain, but this is
usually absent in agrobacteria (Chouly et al. 1995).

The pathway for the biosynthesis of succinoglycan was studied in S. meliloti
(Reuber and Walker 1993). Some of the genes and reactions are similar or identical
in A. tumefaciens (Cangelosi et al. 1987; Wu et al. 2016). The pathway described
here is that determined for S. meliloti except as otherwise noted (Table 1). The
precursor for succinoglycan is UDP-glucose. This is formed from glucose-1-
phosphate by the action of ExoC (phosphoglucomutase, aka PscA) and ExoN
(UTP-glucose-1-phosphate uridyltransferase) (Marks et al. 1987). ExoB converts
the UDP-glucose into UDP-galactose. The polysaccharide chain is initiated by
transferring galactose from UDP to a lipid carrier, probably bactoprenol. This
reaction is carried out by ExoY and requires ExoF. Successive glucose residues are
added by glycosyltransferases, all of which belong to the GT2 family except ExoL.
These include, in order of reactions they catalyze in the pathway, ExoA, ExoL,
ExoM, Exo00, ExoU, and ExoW. The enzyme which adds the last glucose is
undetermined. ExoH adds a succinic acid to the C6 of the seventh glucose. ExoV
adds pyruvate to C4 and C6 of the terminal glucose on the side chain (Glucksmann
et al. 1993). In S. meliloti, there is an acetate group on the third sugar residue added
by ExoZ. This acetate is generally not present in A. tumefaciens (Glucksmann et al.
1993). Most of the enzymes involved in these reactions after the addition of
galactose to the lipid carrier are membrane associated. Once the octomeric unit of
succinoglycan is made, it is transported out of the cell and polymerized into long
chains. These reactions require ExoP, ExoQ, and ExoT. The mechanism of trans-
port and polymerization has not been established (Reuber and Walker 1993). In
S. meliloti both long-chain succinoglycan and shorter chain succinoglycan are
made. The shorter chain molecules appear to be the polymer involved in the
symbiotic interaction with the plant leading to the formation of nitrogen-fixing
nodules (Cheng and Walker 1998). The shorter chains may be formed by the action
of ExoK (York and Walker 1998). There is no evidence for the formation of short
chains in A. tumefaciens, but there is a homologue of the exoK gene located in the
operon containing many of the genes for the synthesis of succinoglycan.

It should be noted that other genes homologous to the genes identified as
required for the synthesis of succinoglycan are located at various locations in the
C58 genome. They include Atu2373 (exoM), Atu2372 (exoU), Atu2375 (exoT),
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Atu3009 (exoZ), Atu3550 (exoT), and Aru3556 (exoP). These genes are presumably
involved in the synthesis of other as yet identified exopolysaccharides, but are
sometimes named using the succinoglycan biosynthesis gene names.

3.2 Regulation

It is clear that the production of succinoglycan is regulated in A. tumefaciens C58.
Several genes have been identified which are capable of affecting the succinoglycan
synthesis, but no clear regulatory pathway or link between these genes has been
identified (Table 2 and Fig. 2). Two genes, exsB (aka psdA) and exoX, have been
identified as negative regulators of succinoglycan production. Both of the genes
appear to act post-transcriptionally (Kamoun et al. 1989). Another gene, ros, has
been identified as a negative regulator of the virC and virD operons and the ipt
oncogene. Ros is a zinc-finger DNA-binding protein (Chou et al. 1998). Mutations
in ros result in failure to produce succinoglycan in C58. Ros requires iron in the
medium to function (Hussain and Johnston 1997). Paradoxically, low iron levels
are reported to increase the synthesis of several Exo proteins (Gonzalez et al. 1996).
When the amino-terminal end of the Ros protein was removed, the resulting strains
carrying both the mutant and wild-type genes were unable to make succinoglycan
(Brightwell et al. 1995). In A. radiobacter, ros is required for the transcription of
exoY and thus for succinoglycan formation (Tiburtius et al. 1996). Presumably, the
same mechanism accounts for the effect of ros on succinoglycan production in
A. tumefaciens C58. There is no information as to whether Ros interacts directly
with the exoY promoter or the effect is mediated by the effect of Ros on another

ChvG =—> ChvG

acid pH T4SS
T protease /

ExoR degrades ChV[ —)—> succinoglycan
X0 V|r genes
motilty N"X Sand Curdian LN
i oo 74 poypnosphats

A
NtrB/NtrC ( ppGpp —|T
nitrogen RgIA Ppx1
starvation

Fig. 2 The regulation of the synthesis of succinoglycan and curdlan and the interactions between
the control of the synthesis of these exopolysaccharides. See Sects. 3.2 and 5.2 for an explanation
of the genes and interactions involved
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gene. The fact that there is no apparent Ros bonding sequence (ros box) upstream
of exoY suggests the later alternative.

The ExoR/ChvG/Chvl system which regulates the response to acidic pH also
regulates succinoglycan synthesis (Cheng and Walker 1998; Heckel et al. 2014;
Tomlinson et al. 2010; Wu et al. 2012). ChvG/Chvl is a two-component system.
ChvG is a sensor located in the cell membrane. At neutral pH, it is blocked from
autophosphorylation by the binding of the periplasmic protein ExoR. At acidic pH,
ExoR is degraded by a protease and ChvG is able to autophosphorylate and then
phosphorylate Chvl. Chvl then activates transcription of type VI secretion, suc-
cinoglycan biosynthesis, and virulence genes (Tomlinson et al. 2010; Wu et al.
2016). Phosphorylated Chvl represses motility, biofilm formation, and bacterial
attachment. Phosphorylated Chvl may also repress ntrX in A. tumefaciens (Heckel
et al. 2014). NtrX is a negative regulator of succinoglycan biosynthesis in S.
meliloti (Wang et al. 2013). NtrX is a positive regulator of curdlan biosynthesis in
agrobacteria (Ruffing and Chen 2012). Activation of succinoglycan biosynthesis
and repression of n#rX by phosphorylated Chvl would explain the observation that
curdlan and succinoglycan generally appear to be regulated in opposite directions
so that when one is made the other is not (Fig. 2).

3.3 Function

Succinoglycan is not required for virulence or for biofilm formation by agrobacteria.
Colonies of agrobacteria that lack succinoglycan appear rough rather than mucoid. It
is possible that succinoglycan helps the bacteria to retain water and protects them
from various environmental stresses. Succinoglycan-minus mutants are more sen-
sitive to acid than are the wild-type parent bacteria (Halder et al. 2017). Other
possible functions of succinoglycan have not been explored. Because the bacteria
often synthesize succinoglycan in quantities amounting to more than 20% of the total
cell dry weight, it must be assumed that this polysaccharide is required in relatively
large amounts for normal growth and/or survival in nature (Wu et al. 2016).

4 Cellulose

4.1 Structure and Biosynthesis

Cellulose is a liner polymer of B-(1—4)-linked p-glucose molecules (Fig. 1¢c). The
polymers are generally quite long, containing hundreds to thousands of glucose
units. Even quite short chain lengths of cellulose (>6 glucose units) are insoluble in
water. Hydrogen bonds between adjacent chains cause the close packing of the
molecules, resulting in the formation of microfibrils. When present as microfibrils,
cellulose is resistant to degradation by strong base.
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Fig. 3 TEM photomicrographs showing cellulose production by A. tumefaciens. a Cellulose
production by a group of bacteria in liquid medium. b Enlargement of bacteria from liquid medium
showing cellulose fibrils projecting from the surface. ¢ A. tumefaciens bound to the surface of
carrot suspension cells. The cellulose fibrils holding bacterial aggregates are visible. d A
cellulose-overproducing mutant of A. tumefaciens (celG mutant) bound to the surface of a tomato
root. Note the large clusters and streamers of bacteria held together by cellulose fibrils. Figures a,
b, and c¢ are reprinted from Matthysse et al. (1981). Figure d is reprinted from Matthysse et al.
(2005)
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Cellulose is synthesized from UDP-glucose at the plasma membrane by the
addition of glucose to the nonreducing end of the chain and transported out of the
cell (Slabaugh et al. 2014). Bacteria produce cellulose in two geometrical patterns.
Some groups of bacteria such as gluconacetobacter (komagataeibacter) and
Pseudomonas fluorescens produce cellulose from an ordered array of complexes
oriented in a line along the long axis of the cell (Brown et al. 1976; Spiers et al.
2003). This cellulose forms a sheet as it is exported from one side of the bacterium.
Its synthesis results in a layer which the bacteria use as a raft to float on the surface
of a liquid and form a pellicle. Other groups of bacteria such as agrobacteria and
rhizobia form thin cellulose fibrils which extend out from the sides of the bacterium
in all directions (Fig. 3; Matthysse et al. 1981). These bacteria generally do not
form pellicles.

Cellulose is synthesized from a UDP-glucose precursor by a plasma membrane
protein CelA (called BesA in some bacteria) (Matthysse et al. 1995; Wong et al.
1990). This protein is highly conserved in those bacteria which synthesize cellulose.
It is nearly identical in most of the rhizobiacea (greater than 95% identical amino
acid sequence). It is 40% identical with the cellulose synthase (BcsA) from
Rhodobacter spheroides, whose crystal structure with bound substrates has been
determined and a detailed mechanism of action of the synthase has been proposed
(Morgan et al. 2016). The conserved motifs HAKAG, TED, and FFCSG which
form the pocket in which the donor UDP-glucose is located are all conserved
between the R. spheroides and A. tumefaciens protein sequences with the exception
of the replacement of the T by S in the TED site. The transmembrane sequence
QxxRW, its position relative to the catalytic D, and the terminal glucose interacting
site DxD are also conserved. Thus, it seems likely that the agrobacterium CelA uses
the same catalytic mechanism elegantly described for the cellulose synthase of R.
spheroides.

Two other proteins are generally required for cellulose synthesis in bacteria:
CelB is a membrane protein and forms a complex with CelA and CelC, which has
homology with cellulases; Table 1 and Fig. 1c). CelB is closely associated with
CelA in the cell membrane. In E. coli K12, the deletion of bcsB prevents cell
growth (Baba et al. 2006). However, a strain carrying a deletion of both bcsA and
besB is able to grow (Matthysse, unpublished observation). It seems likely that the
requirement for BcsB in the presence of BesA reflects the interaction of the proteins
with each other and with the cell membrane. In some strains of gluconacetobacter,
bcsA and besB are fused into a single gene and encode a single polypeptide product
(Wong et al. 1990). The cellulose synthase complex (CelA and CelB) spans the
inner (and possibly the outer) membrane. Transport of the growing cellulose chain
is directly across the inner membrane through the channel in the protein which
begins with the QxxRW motif in CelA (Morgan et al. 2016). In R. spheroides,
E. coli, and P. fluorescens transport across the outer membrane is probably medi-
ated by BesC or AlgK (Keiski et al. 2010;Whitney et al. 2011). Agrobacteria lack a
homologue to either of these proteins. It is possible that BcsC and AlgK are
involved in the orientation of the cellulose molecules to form sheets of cellulose.
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The agrobacteria which form strands of cellulose may use a different protein to
enable cellulose to cross the outer membrane.

The role of CelC in cellulose synthesis is unclear. The protein has homology to
cellulases. Its structure predicts a soluble protein (Matthysse et al. 1995).
A homologue of CelC is required for cellulose synthesis in all bacteria in which its
role has been examined (Romling 2002). A protein with homology to cellulases has
also been implicated in cellulose synthesis in higher plants (Molhoj et al. 2002).

In A. tumefaciens two additional genes are required for cellulose synthesis, celD
and celE (Matthysse et al. 1995). These genes are located in an operon immediately
adjacent to the operon containing cel[ABCG. Their role is unknown. BLAST
homologies suggest that they are related to acetylases and to proteins which
hydrolyze acetate groups from acetylated proteins. Although some bacterial cel-
luloses appear to be acetylated [e.g., P. fluorescens (Spiers et al. 2003)], there is no
evidence to suggest that Agrobacterium cellulose is acetylated. Possibly one or
more of the proteins making up the cellulose synthase complex is regulated by
acetylation or celD and celE may function in some other unidentified process
required for cellulose synthesis or for its regulation.

4.2 Regulation

The major regulator of cellulose synthesis is cyclic-di-GMP (Amikam and Benziman
1989). CelA contains a pilZ sequence which is a cyclic-di-GMP binding site. In the
absence of cyclic-di-GMP, a salt bridge blocks access of the substrate to the active
site of the enzyme. In the presence of cyclic-di-GMP, the salt bridge is disrupted and
the enzyme is active (Morgan et al. 2014). Cyclic-di-GMP is synthesized from GTP
by diguanylate cyclases and is degraded by esterases. The synthetic enzymes contain
the amino acid sequence GGDEF: the esterases contain either an EAL or a HD-GYP
sequence (Ausmees et al. 2001). In some cases, the same protein contains both the
cyclase and the esterase motifs. A. tumefaciens C58 contains 16 predicted proteins
which contain GGDEF motifs and 13 predicted proteins which contain both GGDEF
and EAL motifs. There is also one predicted protein which contains an EAL motif
and one which contains a HD-GYP motif. Thus, the regulation of levels of
cyclic-di-GMP is complex. Current evidence suggests that the activity of CelA is
controlled not by the general level of cyclic-di-GMP in the cell but instead by
specific cyclases and esterases (Table 2 and Fig. 4). The diguanylate cyclase DcgA,
encoded by Armuli257, appears to have the largest role in controlling the amount of
cellulose made (Xu et al. 2013). However, dcgA mutants still make a detectable
amount of cellulose. Mutations in three genes, dcgA, dcgB, and dcgC, are required to
abolish cellulose synthesis completely. Mutations in the diguanylate cyclase gene
Atu1297 (aka celR or pleD) also result in decreased cellulose production (Barnhart
et al. 2013). There appears to be some cross talk between systems involving
cyclic-di-GMP, as overexpression of other diguanylate cyclase genes such as
Atul060 or Atul297 results in increased cellulose production. Deletion of Atul060
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Fig. 4 The regulation of the synthesis of cellulose and the UPP and the central role of
cyclic-di-GMP. See Sects. 4.2 and 6.2 for an explanation of the genes and interactions involved

does not affect cellulose production, suggesting that it does not generally contribute
to the pool of cyclic-di-GMP involved in the regulation of cellulose synthesis or that
its activity can be replaced by the activity of other diguanylate cyclases (Barnhart
et al. 2013). Bacteria with mutations in ornithine decarboxylase (odc, Atu3196)
produce increased amounts of cyclic-di-GMP and cellulose. Expression of a
cyclic-di-GMP phosphodiesterase in the mutant bacteria reversed this effect (Wang
et al. 2016). A pterin-responsive system involving DcpA regulates both cellulose
and UPP synthesis and is described in Sect. 6.2.

Two transcriptional regulators, VisR and VisN, which are required for motility,
negatively regulate cellulose and UPP synthesis in A. fumefaciens (Xu et al. 2013).
Deletion of these genes results in an increase in cellulose synthesis. The regulation
of motility by these genes is mediated by a transcriptional regulator Rem. However,
the regulation of cellulose synthesis does not require rem and VisR/VisN have no
effect on the transcription of dcgA, although they do regulate the transcription of
dcgB and dcgC. The mechanism by which VisR/VisN regulate cellulose production
remains to be elucidated (Xu et al. 2013).

Cellulose synthesis also appears to be negatively regulated by two genes, celG
and cell, about which there is little information. CelG is the last gene in the
celABCG operon and is not indicated in some annotations of the C58 genome.
Mutations in celG result in overproduction of cellulose (Matthysse et al. 2005).
Normal levels of cellulose production can be restored in the celG mutant by the
presence of an intact celG gene cloned behind the lac promoter on a plasmid. Cell,
a putative DNA-binding protein, has homology to the arsenical resistance operon
repressor subfamily and contains putative Zn*? binding sites (Matthysse et al.
2005). These proteins typically dissociate from DNA in the presence of metal ions.
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Nothing is known about whether Cell regulates transcription of the cellulose syn-
thase operon directly or, as is the case for the other better characterized regulators
discussed above, it exerts its effects through changes in the level of cyclic-di-GMP.

Unlike curdlan, there is little evidence for regulation of cellulose synthesis at the
level of transcription of the genes required.

Cellulose synthesis may be regulated by signals from the plant. Plant extracts
such as soytone or the presence of plant tissue culture cells increase the amount of
cellulose made. The nature of the substance to which the bacteria respond is not
known. It is low molecular weight and heat stable (Matthysse et al. 1981; Matthysse
1994). Acetosyringone, the inducer of the vir genes in A. tumefaciens, has no effect
on cellulose synthesis (Matthysse, unpublished observation). The mechanism by
which a plant-derived small molecule(s) regulates cellulose synthesis is unknown.

4.3 Function

Cellulose production by agrobacteria results in the formation of loose clusters of
bacteria held together by cellulose fibrils (Fig. 3). These clusters may form on the
surface of plant cells or on inanimate objects or in liquid suspensions. In general,
cellulose does not mediate the initial attachment to a surface but after attachment,
the elaboration of cellulose fibrils increases the size of the bacterial aggregates on
the surface and the strength of the binding to surfaces which contain cellulose, such
as plant cell walls or filter paper. Cellulose-minus mutants of A. tumefaciens C58
showed reduced colonization of tomato and Arabidopsis thaliana roots (Matthysse
and McMahan 1998). The bacteria were still able to colonize the roots, but the
number of tightly and irreversibly bound bacteria after 10 days incubation was
reduced by 10° for tomato and 10" for A. thaliana. Cellulose also participates in
bacterial binding to leaf wound sites. The binding of wild-type and cellulose-minus
bacteria to wound sites on the surface of Bryophyllum leaves was compared. The
cellulose-minus bacteria could be removed by water washing, whereas the
wild-type bacteria remained bound to the leaves (Sykes and Matthysse 1986). In
liquid cultures, the addition of plant extracts causes increased cellulose production
which results in the formation of bacterial flocs (Matthysse et al. 1981).

5 Curdlan

5.1 Structure and Biosynthesis

Like cellulose, curdlan is a linear polymer of [B-linked p-glucose molecules
(Fig. 1d). Curdlan contains B(1—3)-linked p-glucose rather than the 1—4 linkages
found in cellulose. This difference changes the interaction of adjacent chains so that
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curdlan chains do not form microfibrils as cellulose does. As with cellulose, curdlan
polymers are generally quite long, containing hundreds to thousands of glucose
units. Curdlan is insoluble in water but does dissolve in basic solutions. Curdlan
forms gels in water and is used commercially as a gelling agent in food and as an
additive to produce super-workable concrete. In gels, curdlan often exists as a triple
helix of adjacent chains (Mclntosh et al. 2005).

Most of the research on curdlan production by agrobacteria has been carried out
using the ATCC strain 31749. This is an industrial strain which produces large
amounts of curdlan. When the bacteria are grown on 4% glucose with limiting
nitrogen, more than 85% of the glucose in the medium is converted into curdlan
(Mclntosh et al. 2005). Three genes are required for curdlan biosynthesis: crdA,
crdS, and crdC (Table 1; Stasinopoulos et al. 1999). These genes are found in an
operon which is similar to the cellulose synthesis operon. Curdlan is synthesized
from a UDP-glucose precursor at the cell membrane. CrdS, the curdlan synthase, is
similar in structure to CelA, the cellulose synthase. Both proteins are located in the
cell membrane (Karnezis et al. 2003). Both CelA and CrdS have a conserved
QxxRW transmembrane channel and a possible catalytic D located at the same
distance from the channel. The donor-binding sitt HAKAG and SED, and the DxD
which interacts with the terminal glucose in cellulose are also conserved in CrdS.
However, the FFCSA site which is part of the membrane channel in CelA is
replaced by AFCVGTS in CrdS. These conserved motifs suggest that the catalytic
mechanism of the two synthases may be similar. In addition to CrdS, CrdA is also
required for curdlan synthesis (Stasinopoulos et al. 1999). The protein is associated
with the cell membrane. It has no conserved motifs and its function is unknown.
CrdC is not absolutely required for curdlan synthesis. Small amounts of the
polysaccharide can be made in its absence but they are not secreted into the
medium. The synthesis of large amounts of curdlan requires CrdC (McIntosh et al.
2005). CrdC has a signal sequence and is predicted to be on the outer side of the cell
membrane, probably in the periplasmic space. It is possible that CrdC may function
in the export of curdlan across the outer membrane. The ¢rdASC operon is con-
served in A. tumefaciens C58, which is thus presumed to have a mechanism for
curdlan synthesis similar to that of ATCC 3179.

5.2 Regulation

Studies of the regulation of curdlan synthesis have been carried out in the strain
ATCC 3179 (Table 2 and Fig. 2). This strain has an unknown history of mutage-
nesis and selection for increased curdlan production. Thus, it is unclear how many
of the conclusions regarding regulation of curdlan synthesis in this strain apply to
wild-type strains such as C58 which have not been selected for overproduction of
curdlan. Curdlan and succinoglycan have been suggested to be regulated coordi-
nately in opposite directions. Thus, ATCC 3179 makes curdlan but not
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succinoglycan and C58 makes succinoglycan and very little curdlan (Mclntosh
et al. 2005; Stanisich and Stone 2009).

Unlike cellulose, a major control of curdlan synthesis appears to be the
expression of the crdASC operon. When cells in log phase growth are compared
with stationary phase cells which are starved for nitrogen, the expression of the crd
operon is increased by approximately 100-fold (Ruffing and Chen 2012). The CrdR
transcriptional regulator is required for the synthesis of curdlan, but there are no
data as to whether it acts directly on the crd operon (Stasinopoulos et al. 1999).

Nitrogen starvation is also a major regulator of curdlan synthesis (Mclntosh et al.
2005). NtrB (sensor kinase) and NtrC (response regulator) constitute a
two-component system which responds to nitrogen starvation. NtrC mutants show
decreased synthesis of curdlan (Stanisich and Stone 2009; Yu et al. 2011a, b). In
many systems, the response regulator NtrC, once phosphorylated, acts on tran-
scription by binding to RpoN. However, rpoN is not required for curdlan synthesis
in ATCC 3179. Thus, the action of NtrC must involve some other unidentified
protein (Ruffing and Chen 2012; Yu et al. 2011a). There is another gene in the
ntrBC operon at the start of the operon, nifR, whose function is unknown. However,
deletion of this gene resulted in lower but still significant levels of curdlan pro-
duction (30% of wild-type levels). The reduction may reflect a role for nifR in
regulating curdlan synthesis or simply be an effect of alteration of the operon
structure upstream of the required genes ntrBC (Ruffing and Chen 2012; Yu et al.
2011a). There is a second two-component system in Agrobacterium, ntrYX, which
also responds to nitrogen starvation. NtrY is a membrane protein which acts as a
sensor for nitrogen. Deletion mutants of nfrY cannot grow on nitrate as a nitrogen
source and do not make curdlan. The response regulator ntrX is an essential gene as
mutations in it are lethal (Ruffing and Chen 2012; Stanisich and Stone 2009). NtrX
is a predicted transcriptional regulator, but there is no information on how it reg-
ulates curdlan synthesis. Both NtrX and NtrC may regulate transcription of the crd
operon or they may act on other genes which then regulate its transcription. One
gene whose transcription is activated by phosphorylated NtrC in E. coli is relA, the
gene involved in the stringent response. Mutation of relA in ATCC 3179 eliminates
curdlan production and decreases the transcription of the crd operon more than
50-fold (Ruffing and Chen 2012). It thus seems probable that NtrC (and possibly
NtrX) may control curdlan production by their action on the transcription of relA.
RelA, which is required for the stringent response, produces (p)ppGpp. PppGpp is
involved in regulating many processes during stress or stationary phase growth.
There is no one binding site for (p)ppGpp, so computer predictions of which
proteins might be the intermediaries between (p)ppGpp and curdlan synthesis are
not easy (Srivatsan and Wang 2008).

When nitrogen is limiting in liquid growth medium, high phosphate concen-
trations inhibit curdlan production (Kim et al. 2000). The mechanism of this effect
is unknown. During stationary phase, agrobacteria accumulate polyphosphate.
During logarithmic growth polyphosphate is hydrolyzed by Ppxl, an
exopolyphosphatase (Ruffing and Chen 2012). The activity of this enzyme in E. coli
is inhibited by (p)ppGpp. the product of the RelA protein (Kuroda et al. 1997).
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During stationary phase polyphosphates accumulate. Mutation of ppx/ causes an
early accumulation of polyphosphates and an early onset of curdlan synthesis
during logarithmic growth, suggesting that the presence of polyphosphates influ-
ences curdlan synthesis by some unknown mechanism (Ruffing and Chen 2012).

Although cyclic-di-GMP plays a major role in the regulation of cellulose and
UPP synthesis, there is only one report of an effect of cyclic-di-GMP on curdlan
synthesis. Unlike cellulose synthase, curdlan synthase does not contain a PilZ
domain and does not bind cyclic-di-GMP. The mutation of one gene encoding a
protein containing a GGDEF motif (Atull14) resulted in decreased curdlan syn-
thesis (Wu et al. 2016). This gene has not been further characterized and so the
mechanism of this effect is not known.

The regulation of curdlan synthesis in the industrial strain of Agrobacterium
ATCC 3179 appears to involve RelA and (p)ppGpp which are responsible, at least
in part, for the restriction of curdlan synthesis to stationary phase cells and the
stimulation of curdlan synthesis by nitrogen starvation. Whether these same regu-
latory mechanisms are operational in A. tumefaciens C58 remains to be determined.

5.3 Function

Curdlan is deposited extracellularly and surrounds the bacterial cells, forming a
capsule during growth in liquid or on solid surfaces. In liquid, curdlan production is
accompanied by the formation of large bacterial flocs in the medium (Fig. 5). When
A. tumefaciens ATCC 3179 is grown for a prolonged time (more than 1 week) on
solid agar containing high levels of glucose, curdlan and enmeshed cells form a
layer which covers the bacteria on the surface of the medium. This layer is suffi-
ciently self-adhesive that it can be stripped off the medium leaving the surface

Fig. 5 Fluorescence
photomicrograph of a floc of
Agrobacterium strain LTUS50
(a chlorampenicol-resistant
derivative of ATCC 3179)
grown in liquid culture with
limiting nitrogen and stained
with aniline blue
fluorochrome to show the
presence of curdlan
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bacteria behind (MclIntosh et al. 2005). The curdlan layer protects the bacteria from
phagocytosis by protozoa. It may also protect against heat (55 °C) and desiccation
(Stanisich and Stone 2009). A. fumefaciens C58 has not been observed to produce
significant amounts of curdlan, and so the function of this exopolysaccharide for
this bacterial strain is unknown. There is no observable phenotype of a crdS
mutation in A. tumefaciens C58 (Matthysse, unpublished observation). However,
the regulation of curdlan production by RelA suggests that it may play a role in
protection against predation and various environmental stresses such as starvation,
high and low temperatures, and desiccation.

6 The Unipolar Polysaccharide (UPP)

6.1 Structure and Biosynthesis

Agrobacterium tumefaciens produces a polysaccharide at the pole of the bacterial
cell opposite the circumpolar flagellae referred to as the unipolar polysaccharide
(UPP) (Xu et al. 2012, 2013). The structure of this polysaccharide is unknown but
its reaction with wheat germ agglutinin and Dolichos bifloris lectins suggests that it
contains both N-acetlyglucosamine and N-acetylgalactosamine. A similar unipolar
polysaccharide made by Rhizobium leguminosarum is composed of 55% mannose
and 40% glucose with small amounts of rhamnose and galactose (Laus et al. 2006).
The genes required for the biosynthesis of the UPP (uppABCDEF) are located in
two or three operons (Table 1). These genes have homologues in R. legumi-
nosarum. They include an E. coli WzyC homologue which is predicted to attach a
sugar to a lipid carrier, possibly undecaprenol (Afu1235), two glycosyltransferases
(Atul236 and Arul237), a homologue of GumB which may be involved in
polysaccharide transport across the membrane (Aful238), a homologue of ExoP
also involved in transport and possibly in chain-length determination (Atul239),
and an acetyltransferase (A7u240). Other genes may be required for the synthesis
as not all steps in the synthesis and export of the UPP can easily be accounted for
with the genes in these operons. In particular, a flippase is missing. Mutations in
any of these genes, including uppE, block the synthesis of the UPP during normal
growth. Under conditions in which phosphate is limiting, Atu0102 (presumably
usually involved in the synthesis of a different polysaccharide) can substitute for
UppE (Xu et al. 2012).

6.2 Regulation

The UPP is only made when cells come into contact with a surface. Planktonic cells
rarely make detectable amounts of the UPP as judged by staining of cells with
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fluorescent wheat germ agglutinin. However, when the bacteria come into contact
with a surface they begin production of the UPP promptly. The production of the
UPP is accompanied by a loss of motility and attachment to the surface via the UPP
(Danhorn and Fuqua 2007; Li et al. 2012).

As with cellulose synthesis, the major regulator of UPP synthesis is
cyclic-di-GMP (Table 2 and Fig. 4; Xu et al. 2013). However, unlike the regulation
of cellulose synthesis where cyclic-di-GMP binds directly to cellulose synthase
(CelA) and activates the enzyme, none of the known enzymes required for the
synthesis of the UPP has an obvious cyclic-di-GMP binding site. Thus, the
mechanism by which cyclic-di-GMP controls UPP synthesis is likely to be more
complex than that of the control of cellulose synthesis. For both cellulose and UPP,
the diguanylate cyclase/phosphodiesterase DcgA appears to be an important reg-
ulator of cyclic-di-GMP levels (Xu et al. 2013).

A second enzyme DcpA, which can act as either a cyclase to synthesize
cyclic-di-GMP or as a phosphodiesterase to hydrolyze cyclic-di-GMP, plays a key
role in the control of synthesis of the UPP. Pterdine reductase, PruA, regulates the
activity of DcpA. In its presence DcpA acts as an esterase; in the absence of PruA,
DcgA acts as a cyclase. A gene located immediately upstream of dcpA, pruR which
encodes a putative pterin-binding protein, is required for the esterase activity of
DcpA. Thus, it seems likely that PruA is required for the synthesis of the pterine
which interacts with PruR (or a regulator of PruR) to activate the esterase activity of
DcpA, reduce levels of cyclic-di-GMP, and reduce the synthesis of the UPP and of
cellulose (Feirer et al. 2015). A CheY-like protein, ClaR, negatively regulates the
synthesis of the UPP and cellulose, in part through the pterin pathway. However, it
also has an effect in mutants for the DcpA-pterin-dependent pathway, suggesting
that regulation by this protein involves more than one pathway (Feirer et al. 2017).

The transcriptional regulators VisR and VisN, which are required for motility,
negatively regulate cellulose, and UPP synthesis in A. tumefaciens. Deletion of
these genes results in an increase in UPP synthesis. The regulation of motility by
these genes is mediated by the transcriptional regulator Rem. The regulation of UPP
and cellulose synthesis by VisR/VisN does not require the transcriptional regulator
Rem, although Rem is required for the regulation of motility (Xu et al. 2013). The
mechanism by which VisR/VisN regulate UPP and cellulose production remains to
be elucidated.

PleD (aka CelR) also regulates both UPP and cellulose synthesis. It is a
diguanylate cyclase and has a cheY domain, which means that it could be regulated
by phosphorylation. Mutations in pleD result in decreased biofilm formation, and
decreased UPP and cellulose (Barnhart et al. 2013; Xu et al. 2013). These mutations
also decrease virulence for unknown reasons. Mutations in a cyclic-di-GMP
phosphodiesterase (dcpA, Atu3495) increase biofilm formation and presumably
increase the levels of the UPP and cellulose due to increased cyclic-di-GMP (Feirer
et al. 2015; Xu et al. 2013).
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The synthesis of the UPP is also regulated by environmental conditions, par-
ticularly phosphate levels. Low external phosphate is sensed by the two-component
system PhoR and PhoB. PhoR is a sensor kinase which responds to low phosphate
and phosphorylates, the response regulator PhoB. PhoB controls the synthesis of
the UPP so that it is made only under conditions of low phosphate (Danhorn et al.
2004; Xu et al. 2012).

6.3 Function

The UPP and cellulose function coordinately in the formation of biofilms on various
animate and inanimate surfaces. The UPP is only made after cells come into contact
with a surface (Li et al. 2012; Matthysse et al. 1981). This is in contrast to cellulose,
which can be made by stationary-phase planktonic cells if a plant inducer is present.
The UPP functions to attach the bacteria by one pole to surfaces as varied as plant
roots, soil particles, glass, or plastic surfaces such as cover slips, and nylon thread
(Fig. 6; Matthysse 2014). Thus, the nature of the surface is not a major factor in
UPP-mediated binding. No active signaling between the surface and the bacteria is
needed. Once the bacteria are bound to a surface via the UPP, then cellulose is
made. Cellulose increases the size of the bacterial aggregates formed and for some
surfaces increases the strength of the binding (Matthysse 1983; Matthysse et al.
2005).

In A. tumefaciens as in many other bacteria, cyclic-di-GMP appears to be a key
regulator controlling the shift from planktonic to biofilm growth. High levels of
cyclic-di-GMP are associated with biofilm formation. The UPP appears to be
essential for initial binding and biofilm formation on most surfaces. It mediates the
initial attachment of the bacteria under conditions of low phosphate. These attached
bacteria can be closely packed on the surface, and thus readily form a biofilm. Other
mechanisms of attachment result in sparsely bound bacteria and thus are less likely
to result in biofilm formation.

Fig. 6 Photomicrograph
showing A. tumefaciens C58
bound to a nylon thread by

the UPP. Note the end-on
attachment of the bacteria m
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7 Summary and Conclusions

7.1 Structure and Biosynthesis

Three of the exopolysaccharides discussed in this chapter are homopolymers:
cyclic-B-(1, 2)-glucan [glucose-B-(1—2) glucose], cellulose [glucose-B-(1—4)-
glucose], and curdlan [glucose-B-(1—3)-glucose]. Cyclic-pB-(1, 2)-glucans are low
molecular weight polymers which contain approximately 17-25 sugar moieties
(Breedveld and Miller 1994). They are water soluble. The precursor for all three of
these glucose polymers is UDP-glucose. The synthesis of the B-(1, 2)-glucans is
carried out by the membrane protein ChvB. Cyclization of the B-(1, 2)-glucan is
apparently also carried out by the same protein (Zorreguieta et al. 1985). ChvA is
believed to be involved in the transport of the polymer across the membrane
(Cangelosi et al. 1989). Cellulose and curdlan are very-long-chain polymers gen-
erally containing more than 1000 sugar residues. They are not water soluble. The
synthesis and export of these homopolymeric polysaccharides in both cases is
carried out by a single protein (CelA or CrdS) located in the cytoplasmic mem-
brane. An accessory membrane protein is generally required (CelB or CrdA)
(Matthysse et al. 1995; Stasinopoulos et al. 1999). There is an additional gene in A.
tumefaciens (rcdA, Atu5090), which has homology to CelA and CrdS. This gene is
wide-spread in the rhizobiaceae and presumably is involved in the synthesis and
export of an unidentified homopolymer. The conserved sites in CelA and CrdS are
only partially conserved in this protein. The motifs which form the UDP-glucose
binding pocket in CelA and CrdS (HAKAG, TED, and FFCSG) are replaced by
GSKAG, TED, and FCCGT in RcdA. The QxxRW transmembrane sequence and
the DxD sequence, which interacts with the terminal glucose of the growing chain
are conserved. The nature of the exopolysaccharide made by RcdA is unknown.

The other two exopolysaccharides discussed in this chapter, succinoglycan and
the UPP, are heteropolymers composed of repeating units. In the case of succino-
glycan, the repeat contains eight sugar residues (Evans et al. 2000). The composition
of the subunit of the UPP is not known except that it includes N-acetlyglucosamine
and N-acetylgalactosamine (Heindl et al. 2014). In the case of succinoglycan, the
repeat unit is synthesized from UDP-glucose and UDP-galactose by
membrane-associated proteins. The initial sugar, galactose, is linked to a lipid,
presumably bactoprenol. The finished subunit is flipped to the outside of the
membrane, polymerized into a polysaccharide, and exported outside the cell (Reuber
and Walker 1993). The synthesis of a heteropolymer requires more genes for syn-
thesis and export of the polymer that are required for the homopolymers, which
generally seem to require only two or three genes for their synthesis.
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7.2  Regulation

Cyclic-B-(1, 2)-glucans appear to protect the cells from low ionic strength and are
made in response to growth in dilute media. They are not needed in high ionic
strength and are not made under these conditions. This regulation appears to be a
result of a direct effect of salt concentration on the activity of the synthetic enzyme
ChvB (Ingram-Smith and Miller 1998). There is little other information on the
regulation of the synthesis of this exopolysaccharide.

Succinoglycan appears to be regulated in an opposite fashion to curdlan, cel-
lulose, and the UPP. The major well-characterized regulator of succinoglycan
production is the ExoR/ChvG/Chvl system, which is a two-component system
which responds to acidic pH (Heckel et al. 2014; Tomlinson et al. 2010; Wu et al.
2012). Under acidic conditions, the response regulator ChvI activates transcription
of vir genes and succinoglycan biosynthesis. Chvl represses motility, biofilm for-
mation, and bacterial attachment. Presumably, the later phenotypes are a result of an
effect of Chvl on UPP and cellulose synthesis either directly or via an effect on
cyclic-di-GMP, which is required for both the synthesis of both exopolysaccha-
rides. ChvI may also repress ntrX. Because NtrX is a positive regulator of curdlan
biosynthesis, this would explain the observation that in general agrobacteria do not
make curdlan and succinoglycan at the same time (Ruffing and Chen 2012).

Curdlan appears to be regulated by nitrogen starvation and other stresses which
activate the stringent response. RelA, the mediator of the stringent response, is
required for curdlan synthesis (Ruffing and Chen 2012). The accumulation of
polyphosphates, which normally is associated with the stationary phase, also
stimulates the formation of curdlan. The enzyme responsible for the breakdown of
polyphosphates, Ppx1, is inhibited by (p)ppGpp, the product of the RelA protein
(Ruffing et al. 2011). How polyphosphates stimulate curdlan synthesis is unknown.

Cellulose and the UPP appear to be coordinately regulated under many condi-
tions. Cyclic-di-GMP is the major positive regulator identified for the synthesis of
these exopolysaccharides. This compound regulates cellulose synthesis directly as it
binds to the cellulose synthase enzyme, CelA, and causes a change in configuration
which exposes the active site and allows cellulose synthesis to proceed (Morgan
et al. 2014). The mechanism by which cyclic-di-GMP regulates the synthesis of the
UPP is not known. Several other regulators of cellulose and/or UPP synthesis may
act through their effect on levels of cyclic-di-GMP. These include the VisR/VisN
transcriptional regulators, PleD (CelR), and PruA/PruR (Barnhart et al. 2013; Xu
et al. 2013). Some conditions affect the synthesis of only one of these
exopolysaccharides. The UPP is made only after cells come into contact with a
surface (Li et al. 2012). Cellulose can be made by planktonic cells (Matthysse
1983). Low phosphate also increases the synthesis of the UPP but has no effect on
cellulose synthesis (Xu et al. 2012). Cellulose synthesis is increased by a low
molecular weight compound(s) released by the plant (Matthysse 1994). UPP syn-
thesis is not known to be affected by plant extracts. Thus, cellulose and the UPP are
generally, but not always, made in response to the same environmental conditions.
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7.3 Function

With the exception of cyclic-f-(1, 2)-glucans, none of these exopolysaccharides is
required for virulence on those hosts which have been examined (tomato,
Bryophyllum, tobacco, and A. thaliana). The requirement for the cyclic-B-(1, 2)-
glucans appears to be due to the general effects of their absence on the structure of
the cell surface and not to a particular role in the pathogenesis of A. fumefaciens.
Mutants which cannot make cyclic-B-(1, 2)-glucans are virulent under specific
conditions in which cyclic-B-(1, 2)-glucans are no longer required for normal
bacterial growth (Bash and Matthysse 2002; Hawes and Pueppke 1987; Swart et al.
1994).

The major role of these exopolysaccharides is in the interaction of the bacteria
with their environment. Some of them are known to protect cells from various
environmental stresses and dangers. Cyclic-B-(1, 2)-glucans protect the cells against
low ionic strength (Miller et al. 1986). Curdlan protects the cells against heat,
desiccation, and phagocytosis by protozoa (Mclntosh et al. 2005). Others aid in the
formation of biofilms on surfaces. These biofilms may be protective and may also
play a role in keeping the bacteria in a desirable location. The UPP and curdlan can
initiate biofilms on surfaces under different conditions. The UPP is made when the
environment is low in phosphate and the cell comes into contact with a surface
(Danhorn et al. 2004; Li et al. 2012). Curdlan is made when the cells are starved for
nitrogen or exposed to other stresses, which activate the stringent response (Ruffing
and Chen 2012; Yu et al. 2011b). UPP-based biofilms are easily permeated by
various solutes and can be removed from surfaces by vigorous vortexing or soni-
cation. Curdlan biofilms are dense and not readily penetrated by solutes. The cells
cannot be removed easily, and if attempts to remove them are made, they stick
together in flocs. Curdlan can be produced in liquid as well as on solid surfaces,
resulting in the formation of planktonic flocs. The UPP is the only one of these
exopolysaccharides, whose production is known to be stimulated by the presence of
a surface. Production of the UPP results in bacterial binding to that surface.
Cellulose is often produced as a second stage in the formation of a biofilm which
was initiated by the UPP (Fig. 7). Cellulose causes the formation of aggregates of
cells loosely attached to each other (Matthysse 1983). In addition, cellulose can
directly mediate attachment to surfaces containing cellulose such as roots or filter
paper. This is a firm attachment and the bacteria cannot be removed from the
surface by vortexing, although sonication using a bath sonicator will remove them.
Cellulose is the only one of these exopolysaccharides whose production is known to
be increased in the presence of the plant host.
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Fig. 7 Photomicrograph
showing A. tumefaciens C58
bound to a tomato root hair.
White arrows show initially
attached bacteria bound
end-on by the UPP. The black
arrow shows the cluster of
bacteria formed after the
initially bound bacteria
elaborate cellulose fibrils
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Abstract Agrobacterium tumefaciens attaches stably to plant host tissues and
abiotic surfaces. During pathogenesis, physical attachment to the site of infection is
a prerequisite to infection and horizontal gene transfer to the plant. Virulent and
avirulent strains may also attach to plant tissue in more benign plant associations,
and as with other soil microbes, to soil surfaces in the terrestrial environment.
Although most A. tumefaciens virulence functions are encoded on the
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tumor-inducing plasmid, genes that direct general surface attachment are chromo-
somally encoded, and thus this process is not obligatorily tied to virulence, but is a
more fundamental capacity. Several different cellular structures are known or
suspected to contribute to the attachment process. The flagella influence surface
attachment primarily via their propulsive activity, but control of their rotation
during the transition to the attached state may be quite complex. A. tumefaciens
produces several pili, including the Tad-type Ctp pili, and several plasmid-borne
conjugal pili encoded by the Ti and At plasmids, as well as the so-called T-pilus,
involved in interkingdom horizontal gene transfer. The Ctp pili promote reversible
interactions with surfaces, whereas the conjugal and T-pili drive horizontal gene
transfer (HGT) interactions with other cells and tissues. The T-pilus is likely to
contribute to physical association with plant tissues during DNA transfer to plants.
A. tumefaciens can synthesize a variety of polysaccharides including cellulose,
curdlan (B-1,3 glucan), B-1,2 glucan (cyclic and linear), succinoglycan, and a
localized polysaccharide(s) that is confined to a single cellular pole and is called the
unipolar polysaccharide (UPP). Lipopolysaccharides are also in the outer leaflet of
the outer membrane. Cellulose and curdlan production can influence attachment
under certain conditions. The UPP is required for stable attachment under a range of
conditions and on abiotic and biotic surfaces. Other factors that have been reported
to play a role in attachment include the elusive protein called rhicadhesin. The
process of surface attachment is under extensive regulatory control and can be
modulated by environmental conditions, as well as by direct responses to surface
contact. Complex transcriptional and post-transcriptional control circuitry underlies
much of the production and deployment of these attachment functions.

Keywords Attachment - Cell surface structures - Biofilms - Regulation

1 Introduction

A wide diversity of bacteria interact with surfaces in their environments, often
forming multicellular assemblies known as biofilms. Recent years have seen an
explosion of research on biofilms and surface attachment mechanisms, reflecting an
appreciation of how ubiquitous these processes are and the extent to which they can
influence bacterial physiology (Visick et al. 2016). Adherent bacteria exhibit dra-
matically different bioactivities than they do in the unattached state and, most
notably, biofilm formation can markedly increase tolerance toward antibiotics. For
pathogenic bacteria, association with host surfaces is often the first step toward
infection, and antibiotic-resistant biofilms formed by pathogens have become a
major clinical problem in human medicine (Hoiby 2017). Biofilms on non-host
surfaces can also act as disease reservoirs and are conducive to horizontal gene
transfer of antibiotic resistance determinants and virulence factors (Madsen et al.
2012). Structures on the bacterial cell surface, including a variety of filamentous and
globular protein adhesins, and exopolysaccharides mediate the interactions with
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surfaces that lead to stable colonization. Multiple types of surface fibers including
pili, fimbriae, and B-amyloid filaments contribute to attachment. These fibers
include flagella that drive motility for many bacteria, but in some cases can act as
adhesins as well as propulsive structures. Several different types of secretion sys-
tems, such as Type III (T3S), Type IV (T4S), and Type VI (T6S) systems, can also
influence surface interactions. Certain bacterial taxa produce large surface proteins
with multi-repeat domains that can function as adhesins (Hinsa et al. 2003).
A variety of polysaccharides, including outer membrane lipopolysaccharides, have
been implicated in stable surface attachment and biofilm formation (Branda et al.
2005). The production of specific cell surface adhesive structures is often under
elaborate regulatory control.

Similar to human and animal pathogens, many pathogens of plants must pro-
ductively colonize host surfaces to cause disease. Multicellular aggregates also play
roles for pathogenic bacteria in foliar, vascular, and root environments (Danhorn
and Fuqua 2007). Pathogenic Agrobacterium species must physically associate with
surfaces to drive interkingdom gene transfer to plants and other aspects of
Agrobacterium-induced disease. For crown gall disease, the details of the physical
interactions between A. tumefaciens and plant cells which lead to T4S-mediated
introduction of transferred DNA (T-DNA) into the plant cell cytoplasm remain
poorly understood. It is clear that A. fumefaciens is an effective colonizer of plant
surfaces during pathogenic and non-pathogenic interactions, as well as associating
with abiotic surfaces in the soil environment. How this general surface attachment
progresses, or switches to the physical association leading to T-DNA transfer, is
still being actively studied. A large cluster of so-called Attachment (A#f) genes were
purported to be required for A. tumefaciens association with plant tissues, and to be
necessary for virulence (Matthysse et al. 2000). Subsequently, the A# genes were
shown to be encoded on the pAt plasmid, and this plasmid was demonstrated to be
dispensable for virulence (Nair et al. 2003). More recent work has suggested the
possibility that mutations in the A## cluster may have a dominant inhibitory effect on
attachment (Matthysse et al. 2008). Thus, despite their historical identification, the
Att genes are currently not thought to play a direct role in attachment to plants or
other surfaces. Rather, there must be other cell surface structures that function in
this capacity. Flagella, several different forms of pili, and multiple complex
polysaccharides are produced by A. tumefaciens, and several of these are now
known to promote general attachment to surfaces. The virulence (Vir) proteins
involved in interkingdom gene transfer to plants may also contribute to attachment
on host tissues. As with mammalian pathogens, deployment of these and other cell
surface attributes in A. tumefaciens can be elaborately regulated by transcriptional
and post-transcriptional mechanisms. In this review, we describe the current
understanding of A. tumefaciens cell surface structures that contribute to surface
attachment mechanisms, including those for host tissues and abiotic materials, the
molecular composition and biosynthesis of these structures, and the recognized
systems that control their activity.
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2 Flagella

Flagella play an important role in attachment in addition to their more general
function in enabling diverse bacteria to propel themselves through their environ-
ment. Flagellar propulsion can enable bacteria to move toward conditions that are
favorable such as high nutrients, and avoid conditions that inhibit growth or damage
cells. Much of what is known about flagella structure and assembly derives from
studies of the peritrichous flagella of Escherichia coli and Salmonella enterica
(Chevance and Hughes 2008; MccNab 1996). However, outside of these model
systems, there is a significant variety of flagellar organization, number, and com-
position (Schuhmacher et al. 2015). An example of this is the type strain A.
tumefaciens C58, which extrudes four to six flagella that are each ~10-12 nm
diameter filaments (Chesnokova et al. 1997; Shaw et al. 1991). As with several
other members of the Rhizobiaceae, the A. tumefaciens flagellar filament is com-
posed of multiple flagellin proteins and exhibits a complex ultrastructure (Gotz
et al. 1982). The primary flagellin FlaA is strictly required for motility. The other
three flagellins (FlaB, FlaC, and FlaD) play more ancillary roles but are proposed to
be important for flagellar filament structural integrity (Deakin et al. 1999).

2.1 Flagellum Structure, Function, Biogenesis,
and Regulation

The structure and activity of the bacterial flagellum is recognized as one of the
molecular marvels of the natural world (prompting some individuals to conclude
that their structure is evidence for divine intervention; Pallen and Matzke 2000).
The biogenesis of these remarkable rotary nanomachines is a prime example of an
ordered molecular assembly process. Flagella are assembled from the inside out,
with their basal bodies comprised of a series of ring structures (Chevance and
Hughes 2008). In gram-negative bacteria, the C-ring is assembled near the cyto-
plasmic face of the inner membrane (Fig. 1). Associated with the C-ring is the
MS-ring that forms within the cytoplasmic membrane, and it houses a T3S system
which exports specific flagellar components through the center of this ring. The
next components to assemble are the P-ring (embedded in the peptidoglycan) and
the L-ring (embedded in the outer membrane), containing proteins secreted into the
periplasm via the general secretion system. All of these rings are made of multiple
copies of the same proteins, and at least some of the structures are thought to be
dynamic in the numbers of monomers that form the ring (Branch et al. 2014; Lele
et al. 2012). The motor and stator complex is embedded in the inner membrane and
has a large domain that associates with the C-ring (Fig. 1). Motor proteins assemble
around the C-ring complex. Other proteins, including the switch proteins that can
alter flagellar rotation, can associate with the inner face of the C-ring (Chevance and
Hughes 2008). The rod structure connects these rings through the bacterial
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envelope with the proteins that make up the flagellar filament (hook subunits,
assembly chaperones, linkers, and flagellins). These proteins are exported through
the lumen of the rod, via the T3S system, and are added to the growing filament at
the distal end. The hook is connected to the rod, and approximately 130 copies of
the hook protein assemble, directed by the hook chaperone, to form this flexible
universal joint (Fig. 1). Additional linker proteins and an assembly chaperone
facilitate sequential addition of the flagellin subunits to the hook and subsequent
extension of the helical filament building from the distal end, comprised of as many
as 30,000 flagellin monomers (although this number varies significantly with
bacterial taxon and average flagellar length; Blair 2003). Rotation of the flagellum
is driven by proton translocation, and in E. coli and Salmonella spp., it is estimated
that ~550 protons are translocated per single rotation of the flagellum. In the
enteric model systems, the rotation of the flagellum is reversible, with counter-
clockwise (CCW) rotation driving straight swimming, and clockwise (CW) rotation
generating cellular tumbles that reorient the cell. The ratio of swimming to tumbling
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Fig. 1 General structure of the bacterial flagellum. Diagrammatic representation of a bacterial
flagellum structure based on flagella from Salmonella enterica serovar Typhimurium (Salmonella
typhimurium), alongside a flagellum structure determined by cryoelectron microscopy of the
flagellum from Treponema primitia. Combined figure adapted with permissions from Nat Rev
Microbiol (Pallen and Matzke 2006) and Curr. Biol. (DeRosier 2006)
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is under the control of the chemotaxis system, which enables directed motility
(Wadhams and Armitage 2004).

The general properties of the A. tumefaciens flagellum are consistent with those
from the enteric model systems, but with several important differences. Among the
Rhizobiaceae, the best-studied model is Sinorhizobium meliloti, and this system
shares several distinguishing features with A. tumefaciens. For example, each of
these systems has complex flagella composed of four different flagellins (Deakin
et al. 1999; Gotz et al. 1982). Rotation of these complex flagella is consistently in
the CW direction, and in contrast to E. coli and Salmonella, this is not reversed to
generate tumbles. Rather, the current model is that the rate of CW flagellar rotation
is modulated by the chemotaxis system, and that asynchronous rotation of multiple
flagella causes tumbling (Sourjik and Schmitt 1996).

The arrangement of the flagellar filaments varies among even closely related
bacteria (Schuhmacher et al. 2015). In A. fumefaciens, the flagella are organized
into a polar tuft of 4-6 filaments (Chesnokova et al. 1997), whereas S. meliloti has a
peritrichous organization (Go6tz et al. 1982). There is significant variation for
flagellar placement among the rhizobia that has been recognized for many years
(Leifson and Erdman 1958). A. tumefaciens demonstrates a swimming pattern with
long, straight runs (Mohari et al. 2015). The bacterium has strong positive
chemotactic responses to the sugars sucrose, glucose, and fructose, with slightly
weaker responses to a variety of other sugars, as well as responses to the amino
acids valine and arginine (Ashby et al. 1988).

The many proteins that contribute to assembly of flagella and motility are typ-
ically encoded in large operons or gene clusters. In A. fumefaciens C58, the genes
encoding the structural components of the flagella, assembly factors, and several
motility regulators are in one large gene cluster (~36 kbp, Atu0541-Atu0585;
Table 1) on the circular chromosome (Deakin et al. 1997a, b, 1999). Additionally,
the core chemotaxis genes reside in a single gene cluster (>13.5 kbp,
Atu0514-0526) that also includes several likely flagellar genes and the two master
motility regulators visN and visR. The Che cluster is located close to the Fla cluster,
separated only by ~ 14 kbp. Together, there are more than 50 genes in these two
clusters (Table 1) and most if not all appear to be dedicated to motility, although
only a subset of these have been experimentally validated for A. tumefaciens. There
are a few scattered chemotaxis gene homologues throughout the genome (pre-
dominantly methyl-dependent chemotaxis protein homologues), but the majority of
motility and chemotaxis functions are in these two clusters (Liu and Ochman 2007).

Expression of flagellar genes is often under complex, stepwise morphogenetic
control which ensures that each component of the flagellum is produced at the
appropriate step of biogenesis (Chevance and Hughes 2008). Based on the enteric
model systems, these genes are often divided into three classes, initiating with the
master regulators of motility (Class I), the genes encoding the T3S system through
which the flagellum is assembled, the hook—basal body complex (Class II), and
those proteins that make up the flagellar filament (Class III). Flagellar gene
expression in several rhizobia, including A. tumefaciens, is controlled through a
complex regulatory hierarchy the details of which remain to be fully defined.
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Table 1 Core chemotactic and flagellar gene clusters

Gene number

Gene' name

Gene length—bp
(Protein length—aa)’

Predicted function’

Atu0514 1707 (568) Methyl-accepting chemotaxis protein
Atu0515 cheX 300 (99) Chemotaxis protein

Atu0516 cheY1 366 (121) Chemotaxis receiver protein
Atu0517 cheA 2214 (737) Chemotaxis histidine kinase
Atu0518 cheR 909 (302) Chemotaxis methyltransferase
Atu0519 cheB 1056 (351) Chemotaxis methylesterase
Atu0520 cheY2 390 (129) Chemotaxis receiver protein
Atu0521 cheD 546 (181) Methyl-accepting chemotaxis protein
Atu0522 184 (127) Undefined function

Atu0523 fliF 1701 (566) Flagellar M-ring protein

Atu0524 visN 681 (226) LuxR-type transcriptional regulator
Atu0525 visR 756 (251) LuxR-type transcriptional regulator
Atu0526 mclA 1848 (615) Methyl-accepting chemotaxis protein
Atu0542 fla 942 (313) Flagellin

Atu0543 flaB 963 (320) Flagellin

Atu0544 258 (85) Undefined function

Atu0545 flaA 921 (306) Flagellin

Atu0546 fliP 738 (245) Flagellar export protein

Atu0547 fliL 501 (166) Flagellar protein

Atu0548 flgH 720 (239) Flagellar L-ring precursor
Atu0549 537 (178) Undefined function

Atu0550 flgl 1122 (373) Flagellar P-ring precursor

Atu0551 flgA 489 (162) Flagellar P-ring protein

Atu0552 flgl 789 (262) Flagellar rod protein

Atu0553 fliE 339 (112) Flagellar hook—basal body protein
Atu0554 flgC 420 (139) Flagellar body-rod protein
Atu0555 flgB 393 (130) Flagellar basal body-rod protein
Atu0556 405 (134) Undefined function

Atu0557 flil 1422 (473) Flagellum-specific ATPase
Atu0558 figF 735 (244) Flagellar basal body-rod protein
Atu0559 636 (211) Undefined function

Atu0560 motA 873 (290) Flagellar motor protein

Atu0561 fliM 960 (319) Flagellar motor switch protein
Atu0562 fliN 540 (179) Flagellar motor switch protein
Atu0563 fliG 1044 (347) Flagellar motor switch protein
Atu0564 flhB 1083 (360) Flagellar export protein

Atu0565 438 (145) Undefined function

Atu0566 213 (70) Undefined function

Atu0567 flaD 1293 (430) Flagellin

(continued)
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Table 1 (continued)

Gene number | Gene' name | Gene length—bp Predicted function'
(Protein length—aa)’
Atu0568 657 (218) Undefined function
Atu0569 motB 1302 (433) Flagellar motor protein
Atu0570 motC 1281 (426) Chemotaxis protein
Atu0571 motD 1350 (449) Chemotaxis protein
Atu0572 444 (147) Undefined function
Atu0573 rem 672 (223) OmpR-type transcriptional regulator
At0574 flgE 1278 (425) Flagellar hook protein
Atu0575 flgk 1479 (492) Flagellar hook-associated protein
Atu0576 fligl 1104 (367) Flagellar hook-associated protein
Atu0577 flaF 345 (114) Flagellar biosynthesis regulatory protein
Atu0578 fbT 450 (149) Flagellar biosynthesis regulatory protein
Atu0579 flgD 474 (157) Hook formation protein
Atu0580 fliQ 267 (88) Flagellar export protein
Atu0581 flhA 2088 (695) Flagellar export protein
Atu0582 fliR 723 (240) Flagellar export protein
Atu0583 420 (139) Undefined function
Atu0584 528 (175) Undefined function
Atu0585 369 (122) Undefined function
Atu8132 534 (177) Undefined function

!'Gene identity, length, and predicted function annotations are based on KEGG Gene Ontology
(Kyoto University Bioinformatics Center) and Osterman et al. 2015

Class IA is composed of the LuxR-type transcription factors VisN and VisR (Vital
in swimming), both of which are required for flagellar motility (Sourjik et al. 2000).
VisN and VisR activate expression of the class IB gene rem (regulator of expo-
nential growth motility) (Xu et al. 2013). Rem is an OmpR-type response regulator
(Rotter et al. 2006) with no recognized cognate histidine kinase, and lacking the
canonical Asp residue at which most response regulators are phosphorylated. Rem
activates expression of the Class II flagellar genes which include the components of
the flagellar hook and basal body as well as the motor, and it is also required for
expression of Class III genes, including the flagellin genes and several chemotaxis
genes (Sourjik et al. 2000; Zatakia et al. 2018). In Brucella melitensis, flagellin
synthesis is inversely regulated by the flagellin activator FIbT and the repressor
FlaF (Ferooz et al. 2011). Indeed, this level of control may be broadly conserved
throughout the Alphaproteobacteria, as a similar pathway has been delineated in C.
crescentus (Mangan et al. 1999). A. tumefaciens has homologues of FlaF and FIbT,
although their roles are largely unexplored. Many flagellar assembly pathways
include the activity of a specialized sigma factor dedicated to the transcription of
subsets of the flagellar genes (e.g., 6 in E. coli and o in B. subtilis), with
promoter sequences that are quite distinct from those for 6’ promoters (Aldridge
and Hughes 2002). The motility sigma factor is often controlled through an
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anti-sigma factor (Hughes and Mathee 1998). Promoters regulated by Rem in S.
meliloti, and by extension in A. tumefaciens, clearly have a non-c’° architecture
(Rotter et al. 2006), suggesting the presence of an alternate sigma factor, but there is
no such annotated sigma factor encoded in the motility gene cluster. Thus far, this
presumptive sigma factor has not been identified for any of the rhizobia.

Numerous factors outside of the hierarchy of flagellar regulators affect
A. tumefaciens motility through various mechanisms. The periplasmic
succinoglycan-regulatory protein ExoR is required for motility through its effects
on flagellar gene expression (Tomlinson et al. 2010); the broader role of ExoR will
be discussed later in this review (Sect. 6.1.1). Flagella synthesis as well as flagellin
expression and motility are elevated when A. fumefaciens cells are grown in the
absence of light, but the mechanism for this is unclear (Oberpichler et al. 2008).
Flagellar motility is also affected by the cell cycle regulators divK, pdhS1, and pleC,
mutants in which form branched cells and have altered flagellar placement (Kim
et al. 2013). A pdhS2 mutant does not manifest aberrant cell shape, and these cells
produce flagella, but they do not swim. Given the asymmetric cell division
mechanism of A. tumefaciens (Brown et al. 2012), it is not surprising that flagellar
biogenesis would be integrated with control of the cell cycle.

2.2 Role of Flagellar Motility in Attachment

Flagella play a role in A. tumefaciens attachment to model surfaces. Aflagellate
mutants deleted for the hook protein FIgE, and motA deletion mutants with
unpowered flagella are both highly deficient in surface attachment and biofilm
formation under static conditions (Merritt et al. 2007). Given the requirement for
active flagellar rotation, it was concluded that swimming motility drives the fre-
quency or productivity of surface contact. Interestingly, an aflagellate hook mutant
formed biofilms more robustly and rapidly than did wild-type cells in a flow cell,
suggesting that the flow regime promoted high frequency surface contact and that
perhaps the lack of motility limited emigration from the surface (Merritt et al. 2007).
A straight swimming cheA mutant manifested only a modest attachment defect in
static culture, but quantitative analysis of flow cell biofilms revealed a different
three-dimensional structure. Motility in these straight swimming cheA mutants is
compromised in motility agar dispersal assays, but spontaneous suppressor mutants
can be readily isolated (Mohari et al. 2015). These mutants regain tumbling activity,
and hence migration through motility agar because of structural deformations in the
flagellum. These changes, however, result in a dramatic loss of attachment, revealing
how proper coordination of motility is important during surface colonization.
Further evidence for the connection between motility and attachment of A. fume-
Jaciens came from a screen for regulators of attachment in which null mutations of
the Class IA master regulators visN and visR resulted in increased attachment, even
though they abolished motility (Xu et al. 2013). The increased attachment of these
mutants results from a complex regulatory pathway as detailed below (Sect. 6.2).



152 M. A. Thompson et al.
3 Pili

Many bacteria promote attachment to surfaces with proteinaceous surface appen-
dages known as pili (or sometimes called fimbriae). Although many pili are con-
sidered static appendages, they are all actively extruded, and in many cases actively
retracted. These filaments can also drive twitching motility in some bacteria
(Mattick 2002). A subset of pili are involved in plasmid conjugation and are
referred to as sex pili. A. rumefaciens encodes production of several different types
of pili. The chromosomes of agrobacteria often carry a cluster of genes (Fig. 2)
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Fig. 2 Genetic basis of Ctp pili and model for assembly. Predicted localization and assembly
mechanism for Ctp proteins based on the general model for Tad pilus assembly (Tomich et al.
2007). The CtpA pilin is processed by CtpB cleavage and incorporated into the emerging pilus.
CtpG hydrolyzes ATP to drive pilus assembly. Protein names indicated in the figure. Gene map
indicates the cfp gene names above the gene arrows, and gene names in the generalized Tad-type
pilus system are provided below. Gene colors match protein colors in the diagram. OM, outer
membrane; PG, peptidoglycan; IM, inner membrane
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annotated as the Citp cluster (Cpa-type pilus; named after homologues in
Caulobacter crescentus; Skerker and Shapiro 2000), required to form Type IV pili
of the Tad (Tight adherence) subclass, also known as common pili (Wang et al.
2014). Two distinct types of conjugative pili are encoded by the Ti plasmid: the Trb
conjugal pili, required to conjugatively transfer the entire plasmid to recipient
bacteria (Cook et al. 1997), and the T-pilus, required for T-DNA transfer to plants
(Fullner et al. 1996). The At plasmid also encodes its own set of conjugative pili,
called the AvhB system (Chen et al. 2002).

3.1 Cip Pili

Electron microscopy of A. tumefaciens C58 reveals thin filaments (~3 nm in
diameter) interspersed across the cell body (Lai et al. 2000; Wang et al. 2014). The
A. tumefaciens C58 genome sequence contains a cluster of nine genes
(Atu0224-0216), annotated ctpABCDEFGHI, that encode Type IV pilus assembly
homologues (Fig. 2). Although initially defined as Type IVDb pili, a recent study has
re-classified the Ctp pili genes as Type IVc pilus assembly genes, conserved in
diverse bacteria (Ellison et al. 2017). The A. tumefaciens Ctp locus is homologous
and syntenous among different members of the Rhizobiaceae, as well as in more
diverse Alphaproteobacteria such as C. crescentus (Skerker and Shapiro 2000).
Individual non-polar, in-frame deletions of most of the genes in the A. tumefaciens
C58 Citp cluster result in loss of piliation as evaluated by transmission electron
microscopy, and these mutants are significantly inhibited for attachment and biofilm
formation (Wang et al. 2014). Transcriptional fusion analysis suggests the existence
of two promoters, one upstream of ctpA (ctpABCD) and a second upstream of ctpE
(ctpEFGHI) (Fig. 2, Wang et al. 2014).

The ctpA gene encodes a small pilin homologue (64aa), often called Flp (fimbrial
low molecular-weight protein) pilin. The protein contains the hydrophobic
“Flp-motif” that includes the conserved pilin processing site (G/XXXXEY)
(Kachlany et al. 2001). A second Flp pilin homologue, annotated pilA, is encoded
elsewhere in the C58 genome (Atu3514), and if ectopically expressed can com-
plement ctpA mutants for pilus assembly (Wang et al. 2014). Immediately down-
stream of ctpA is ctpB, a prepilin peptidase homologue, required to process pilin
during assembly. The ctpC, ctpD, and ctpE genes encode proteins that are
homologous to the RcpC, RcpB, and RcpA proteins, respectively, from
Aggregatibacter actinomycetemcomitans which putatively encode an outer mem-
brane complex centered around the CtpD secretin (Tomich et al. 2007). The CtpF
protein is a homologue of CpaE from C. crescentus and TadZ from A. actino-
mycetemcomitans, proteins that have MinD/ParE homology and are predicted
localization factors. Interestingly, ctpF is the only A. tumefaciens C58 gene in the
Ctp cluster for which deletion does not cause loss of piliation (Wang et al. 2014).
CtpG is an ATPase likely localized to the cytoplasm, and based on similarity to
TadA from A. actinomycetemcomitans, is involved in powering Ctp pilus
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biogenesis. Finally, the CtpH and Ctpl proteins are so-called platform proteins
associated with the cytoplasmic membrane upon which the pilus is assembled,
similar to TadB/C, and are likely to have arisen via a gene duplication event
(Tomich et al. 2007). In many systems, a TadD homologue with a tetratricopeptide
repeat (TPR) motif is located downstream and convergent to the pilus gene cluster.
This gene is Atu0215 in A. fumefaciens C58, and here we tentatively designate it as
ctpJ (Fig. 2). For the Tad system, this homologue is speculated to be a pilotin, with
a lipid linkage to the outer membrane. However, the CtpJ product has no secretion
signal, and its role in Ctp pilus function is not known.

In the current model (Fig. 2), pools of the CtpA pilin (or alternatively PilA)
associate with the cytoplasmic membrane. Pilus biogenesis requires the CtpB
prepilin peptidase to cleave the CtpA monomers, and it is this processed form that
interacts with the assembly machine, incorporating into the growing pilus at the
base. Pilus assembly is powered by the cytoplasmic ATPase (CtpG), driving con-
formational changes that promote interactions of the pilin subunits on the platform
proteins at the cytoplasmic face. The CtpC, CtpD, and CtpE proteins interact with
the emerging pilus at the outer membrane, with the pilus spanning the membrane
through the CtpD secretin. Recent work has also shown that Type IVc pili can
retract, and the released pilin proteins can reassociate with the cytoplasmic mem-
brane (Ellison et al. 2017). Many of the specific aspects of this overall model
remain to be evaluated experimentally in A. tumefaciens and other similar systems.

Mutagenesis of the ctpA, ctpB, and ctpG genes leads to significant deficiencies in
biofilm formation for A. tumefaciens, and this was correlated with problems in
reversible attachment (Wang et al. 2014). Deletion of the entire Ctp gene cluster
causes a similar loss of attachment. Individual mutations in any of the other genes
in the Cip cluster (ctpC, ctpD, ctpE, ctpF, ctpH, and ctpl), with the exception of the
ctpF mutant, abolish pilus biogenesis, but surprisingly all of these mutants are
stimulated rather than diminished for attachment. Disruption of czpA in these
hyperadherent Ctp mutants abolished their stimulated attachment. Likewise,
mutations that prevent production of the unipolar polysaccharide (UPP) adhesin
(see Sect. 4.2) completely prevent bacterial attachment (Wang et al. 2014).
Although the reason for this hyperattachment in certain Cfp mutants remains
unclear, it is possible that genetic disruption of these pilus functions, and perhaps
accumulation of the CtpA pilin in the cytoplasmic membrane, causes feedback
regulation in the cell to activate a pilus-independent, but UPP-dependent attachment
mechanism. Similar signaling in response to pilin levels in the inner membrane has
been reported for T4 Pa pili in Pseudomonas aeruginosa (Kilmury and Burrows
2016).

As with other Alphaproteobacteria that produce unipolar polysaccharide adhe-
sins which promote attachment, A. fumefaciens transitions from reversible to stable
polar attachment via just-in-time production of the adhesive material (see Sect. 6.3).
Production of the UPP is strictly surface-contact dependent (Li et al. 2012). For
C. crescentus, recent studies showed that its Type IVc Cpa pilus is involved in
triggering surface-contact-dependent production of its polar adhesive, known as the
holdfast (Ellison et al. 2017). The Cpa pili are localized to the same cellular pole
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from which the holdfast will be produced, and resistance to pilus depolymerization
stimulates holdfast production. It is hypothesized that physical association with
surfaces during reversible interactions inhibits Cpa pilus depolymerization, thereby
stimulating holdfast production. In A. fumefaciens, the Ctp pilus is required for
reversible attachment, but electron microscopy does not thus far support a polar
localization for these pili (Lai et al. 2000; Wang et al. 2014). However, it is
certainly possible that a similar pilus-dependent surface-stimulation of UPP pro-
duction plays a role in the transition to stable attachment for A. tumefaciens.

3.2 Conjugative Pili

Conjugative plasmids have been reported to promote biofilm formation in diverse
bacteria (Ghigo 2001). This is, however, not attributed to the conjugative pili
encoded by the plasmids, but rather, to other plasmid-encoded functions. These
plasmids often drive their conjugation via cellular interaction with recipient bacteria
mediated through their filamentous conjugative pili. For many years, it was proposed
that conjugative pili simply act in promoting the physical association of donor and
recipient cells, and that DNA transfer occurred via mating pair formation and an
ill-defined conduit between cells (Lessl and Lanka 1994). However, more recent
work has resurrected the notion that the single-stranded DNA delivered by con-
jugative plasmids transits through the lumen of the conjugal pilus (Babic et al. 2008;
Costa et al. 2016). Conjugative pili promote interactions between bacterial cells, and
it is certainly conceivable that these surface structures could also play a role in
surface attachment. Virulent A. fumefaciens produce two distinct conjugative pili
encoded by the Ti plasmid (Vir and Tra/Trb) and often also a third conjugative pilus
type encoded by the At plasmid (AvhB). These conjugative pili are all considered
components of their respective Type IV secretion (T4S) systems. The pili that
function in T4S plasmid conjugation systems should not be confused with the Ctp
Type IVc pili (Sect. 3.1) or other Type IV pili. The Ti plasmid encodes the so-called
T-pilus as a component of the machinery for T-DNA transfer to plant cells (Fullner
etal. 1996). Also encoded by the Ti plasmid is the Trb conjugative pilus, required for
horizontal transfer of the plasmid to other agrobacteria (Cook et al. 1997).

T-pilus production is strictly regulated along with the vir genes in response to
plant wound conditions (Fullner et al. 1996). Encoded within the virB operon that
also specifies the other components of the T4S system, the VirB2 protein is the
pilin, and VirB3 is the prepilin peptidase (Lai et al. 2002). The VirB5 protein
localizes to the terminus of the T-pilus and is proposed to mediate interactions
between the T-pilus and the target plant cell (Aly and Baron 2007). Whether this
interaction can be considered a component of the surface attachment process, or
rather some other aspect of the intimate associations that lead to T-DNA transfer, is
unclear. UPP-dependent attachment drives polar interactions with biotic and abiotic
surfaces. Multiple studies from different groups, examining protein localization
using VirB T4SS protein fusions with autofluorescent proteins, have suggested a
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unipolar localization for the T4SS secretion complex, including recognized com-
ponents of the T-pilus (Judd et al. 2005). However, more recent work using
immunolocalization has reported localization of VirB proteins in lateral arrays
along the length of the cell, and this work has invoked a model in which T-DNA
transfer occurs via these longitudinally associated cells (Aguilar et al. 2011). It
remains unclear how to accommodate these apparently conflicting observations. It
is possible that the polar attachment to surfaces (both plants and abiotic surfaces)
and the attachment to plant tissues that leads to T-DNA transfer are mechanistically
distinct processes. Another possible model is that there is a temporal progression
from polar attachment via the UPP to deployment of the VirB T4SS machinery.
This transition could include a reorientation to a longitudinal association between
the bacteria and the plant cells, or simply transfer of T-DNA at the site of polar
associations. The polar or longitudinal association mechanisms are not mutually
exclusive. Understanding the extent to which surface attachment is integrated with
T-DNA transfer remains an area of active study.

The Ti plasmid conjugative pilus is encoded by the tral-trbABCDEFGHI operon
and is under the strict control of conjugal opines and, through these, TraR-dependent
quorum sensing (Fuqua and Winans 1994; Piper et al. 1993). Thus, the Ti plasmid
conjugative pilus is only produced by cells that are exposed to specific opines, and
have reached a high population density. Given the strict conditionality of Trb pilus
production, this structure cannot play a general role in surface interactions, but it
remains uncertain whether under the appropriate conditions they might do so. In
contrast, the At plasmid conjugative transfer system characterized for A. tumefaciens
C58 is expressed constitutively in laboratory culture, and pAtC58 can be conjuga-
tively transferred to recipients at a significant rate (Chen et al. 2002). However, there
have been no reports indicating a role for these presumptive surface structures in
surface attachment outside of interactions between bacterial cells. The At conjuga-
tive pili have never been visualized microscopically.

4 Exopolysaccharides

The process by which A. tumefaciens transitions from a planktonic, swimming cell
to a sessile, surface-attached cell is determined, among other factors, by the pro-
duction and subsequent extrusion of exopolysaccharides (EPS) from the cell. So far,
it has been shown that A. rumefaciens C58 produces at least five different forms of
EPS: cellulose, unipolar polysaccharide (UPP) adhesin, succinoglycan,
cyclic-B-1,2-glucan, and curdlan (Berne et al. 2015; Li et al. 2012; Schmid et al.
2015; Xu et al. 2013), although it is possible that other yet-to-be-identified EPS
species are produced. Not all the known EPS types, however, play roles in surface
attachment. Succinoglycan, for instance, is necessary for symbiosis in S. meliloti
(Reuber and Walker 1993) but is not required for attachment or biofilm formation in
A. tumefaciens (Matthysse 2014; Tomlinson et al. 2010). Cyclic-p-1,2-glucan is a
periplasmic polysaccharide believed to play a role in osmoregulation, and the
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inability of A. tumefaciens to synthesize this polysaccharide results in pleiotropic
effects, including increased sensitivity to osmotic stress, reduced motility, and
reduced attachment. The attachment-deficient phenotype of a cyclic-p-1,2-glucan
null mutant is likely indirect (Matthysse 2014), and no direct evidence implicating
cyclic-B-1,2-glucan in attachment has been reported. This section will focus on the
exopolysaccharides implicated in A. tumefaciens attachment.

4.1 Cellulose

Cellulose is an abundant crystalline polymer that is commonly found in the plant
kingdom but s also produced by a broad range of bacterial species. It is common in the
genera of Proteobacteria including Komagataeibacter (formerly Gluconoacetobacter
and Acetobacter), Azotobacter, Aerobacter, Escherichia, Salmonella, Rhizobium, and
Agrobacterium (Arioli et al. 1998; Shoda and Sugano 2005). Cellulose, a polymer of
glucose joined by B (1—4) glycosidic bonds, forms fibers where the individual cel-
lulose chains are arranged in parallel structures held together by hydrogen bonds and
van der Waals forces. These fibers are water-insoluble and mechanically strong
(Rémling 2002). The physical properties of cellulose are illustrated by its presence in
plant cell walls as large bundles of microfibrils and other higher-order structures,
where it functions to determine plant cell shape and protect plant cells from osmotic
stress and other environmental damage. In bacteria, however, cellulose is rarely
contained in the cell wall or plasma membrane but rather is secreted outside of the cell
as thin microfibril ribbons, the size of which is estimated at one-hundredth that of plant
cellulose (Shoda and Sugano 2005; Williamson et al. 2002). Cellulose synthesis was
first identified in Agrobacterium tumefaciens as thin fibrils responsible for floc for-
mation during log-phase growth (Deinema and Zevenhuizen 1971), and then later
reported to be involved in functions such as attachment and plant infection (Matthysse
1981, 1983, 1987).

4.1.1 Genetic Basis and Biosynthesis

Cellulose biosynthesis genes have been characterized in many different bacteria and
are often encoded in conserved gene clusters. Core functionalities are found in all
such systems, but there are other genes that are specific to certain subgroups. All
genes involved in cellulose biosynthesis have recently been classified as the bac-
terial cellulose synthesis (bcs) genes (Romling and Galperin 2015). Historically, A.
tumefaciens cellulose biosynthesis genes have been designated as cel genes, and for
the purposes of this review, we will maintain this nomenclature but also provide the
corresponding bcs designation (Table 2 and Fig. 3). In A. fumefaciens C58, cel-
Iulose synthesis is largely directed by the products of seven genes found in two
presumptive operons convergent to one another on the linear chromosome (Fig. 3).
The first operon is composed of five genes, celHABCG, and is convergent with the
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Table 2 A. tumefaciens cellulose biosynthesis genes

Gene | Number |bp (aa) BCS Enzymatic function’ Predicted
name' localization'

celH | Atu8187 | 900 (300) |bcesN Periplasmic, single TM domain | Periplasmic

celA | Atu3309 | 2190 (789) | bcsA Cellulose synthase, subunit A Transmembrane

(7 TMs)
celB | Atu3308 | 2484 (828) | besB Cellulose synthase, subunit B Periplasmic
(SS+1T™M)
celC | Atu3307 | 1056 (352) | besZ Endo-B-1,4-glucanase, Periplasmic (SS)

(cellulase), periplasmic

celG | Atu3306 | 2343 (781) | beskK Tetratricopeptide (TPR) motif | Periplasmic (SS)
peptidoglycan interaction

celE | Atu3305 | 1155 (385) | besL Acetyltransferase (TPR) Cytoplasmic

celD | Atu3304 | 1647 (549) | bcsM Aminohydrolase (deacetylase?) | Cytoplasmic

"Based on Roémling and Galperin 2015
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Fig. 3 Cellulose: Genetic basis and biosynthesis model. Predicted localization and mechanism
of biosynthesis for cellulose in A. tumefaciens based on the generalized model (Romling and
Galperin 2015). Cellulose strand depicted as linked green hexagons. Cel protein names indicated
in the figure. For CelA, GT is the predicted glycosyl transferase domain and PilZ is the
cdGMP-binding domain. Black squiggle on CelH is a predicted lipid linkage. Gene colors match
protein colors in the diagram; Cel names are above with corresponding Bcs nomenclature below.
OM, outer membrane; PG, peptidoglycan; IM, inner membrane, Ac, acetyl groups; Glc-6-P,
glucose-6-phosphate; Glc-1-P, glucose-1-phosphate; UDP-Glc, uridyl diphosphate glucose
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celDE genes (Fig. 3). The celABC genes have homologues in most bcs systems, but
celH, celG, celD, and celE are found in a restricted subgroup designated Type IIla
(Romling and Galperin 2015).

A tentative molecular model for cellulose biosynthesis by A. tumefaciens can be
formulated based on both limited experimental data from A. tfumefaciens and sev-
eral extensively studied systems, most notably Komagataeibacter xylinus. The
proteins involved in cellulose synthesis are believed to form multi-protein com-
plexes, with around 50 such complexes visible in a row along the longitudinal axis
of the bacterial rod as observed by cryoEM in K. xylinus (formerly Acetobacter
xylinum) (Kimura et al. 2001). Precursors for cellulose synthesis derive from the
glycolytic intermediate glucose-6-phosphate (G6P), which is isomerized to
glucose-1-phosphate (G1P) by a phosphoglucomutase likely to be ExoC in A.
tumefaciens (Fig. 3). G1P is then conjugated to the nucleotide uridyl diphosphate
(UDP) by a UTP-glucose-1-phosphate uridylyltransferase to form UDP-glucose
(UDP-Glc), and it is likely that A. fumefaciens ExoN, or a paralogue, drives this
reaction. CelA is predicted to be the complex cellulose synthase that utilizes
UDP-Glc and adds each Glc residue to the growing cellulose molecule via a -1,4
linkage. CelA is homologous to the cellulose synthase catalytic subunits of
Rhizobium leguminosarum by trifolii, and Sinorhizobium meliloti, and corresponds
more broadly to the BcsA component of other cellulose biosynthesis systems
(Romling and Galperin 2015). As such, CelA has eight transmembrane domains, a
large cytoplasmic loop that comprises a glycosyl transferase (GT) domain which
functions to add glucose residues to the growing glucan chain, and a C-terminal
PilZ domain which regulates the enzyme (Morgan et al. 2013) (see Sect. 4.1.2).
Although earlier models suggested a lipid linkage for the nascent cellulose polymer
(Matthysse et al. 1995a), more recent structural work with the Type Illa BcsA
protein of Rhodobacter sphaeroides suggests that there is no lipid linkage and that
the cellulose chain is synthesized by addition of one glucose subunit at a time to the
interior end of the molecule (Morgan et al. 2013). The growing polymer is extruded
into the periplasm through a channel via a ratcheting motion within the BcsA
glycosyl transferase domain. CelB (BcsB) is often considered as a second
non-catalytic subunit of cellulose synthase, and it is associated with CelA via a
single transmembrane domain (Fig. 3). The majority of CelB is predicted to be
periplasmic and plays a role in navigation of the emerging cellulose chain through
the periplasm. The cellulose strand then transits the periplasm and crosses the outer
membrane via a B-barrel-type protein channel; in many Bcs systems, this function is
performed by the BcsC component.

In Type Illa systems such as A. tumefaciens, there are no BcsC homologues and
it is now thought that CelG (BcsK) plays an analogous role, as an outer membrane
secretin (Romling and Galperin 2015). As with the BcsK component in other Cel
systems, CelG has a large tetratricopeptide repeat (TPR) domain, considered to
drive protein—protein interactions, which extends into the periplasm presumably in
contact with other periplasmic Cel proteins and perhaps peptidoglycan (Fig. 3).
Although the outer membrane channel for cellulose would presumably be critical
for cellulose biosynthesis, one study reported that a celG transposon mutant
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exhibited elevated cellulose production (Matthysse et al. 2005). The mechanistic
basis for the surprising phenotype of this mutant, given the predicted central role for
CelG, warrants further investigation. The CelC protein (BcsZ) belongs to a family
of glycoside hydrolases that cleave glycosidic bonds between carbohydrates.
Transposon insertions in celC block cellulose synthesis in A. tumefaciens, and
in vitro cellulose synthesis experiments with cel mutants are consistent with a role
for the celC product in the hydrolysis of glucose oligomers (Matthysse et al. 1995a,
b). Immediately upstream of celA is a gene we designate as celH (bcsN), encoding a
predicted periplasmic protein with a single transmembrane domain, found only in
Type Illa systems. The function of CelH remains poorly defined, but it is required
for cellulose synthesis in A. fumefaciens (Kim and Fuqua, unpublished). Encoded in
a second cellulose synthesis operon convergent to celHABCG are CelE and CelD,
again only found in Type Illa Bcs systems. Both CelE and CelD proteins are
cytoplasmic (Matthysse et al. 1995a), and sequence similarity suggests that they
may encode an acetyltransferase and a possible deacetylase, perhaps controlling the
level of acetylation for cellulose precursors.

4.1.2 Regulation of Cellulose Synthesis

To date, the best understood form of cellulose regulation is allosteric, via the
cdGMP second messenger and its interaction with the CelA C-terminal cytoplasmic
domain, which contains a PilZ motif found in many cdGMP-responsive proteins.
High intracellular levels of cdGMP stimulate cellulose production (Barnhart et al.
2013; Xu et al. 2013). The cdGMP signal molecule is now recognized as a nearly
ubiquitous second messenger that controls various important cellular processes such
as cell cycle pro