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Horizontal gene transfer (HGT) can be defined as the acquisition of genetic material from another organism without being its offspring. HGT is common in the microbial world including archaea and bacteria, where HGT mechanisms are widely understood and recognized as an important force in evolution. In eukaryotes, HGT now appears to occur more frequently than originally thought. Many studies are currently detecting novel HGT events among distinct lineages using next-generation sequencing. Most examples to date include gene transfers from bacterial donors to recipient organisms including fungi, plants, and animals. In plants, one well-studied example of HGT is the transfer of the tumor-inducing genes (T-DNAs) from some Agrobacterium species into their host plant genomes. Evidence of T-DNAs from Agrobacterium spp. into plant genomes, and their subsequent maintenance in the germline, has been reported in Nicotiana, Linaria and, more recently, in Ipomoea species. The transferred genes do not produce the usual disease phenotype, and appear to have a role in evolution of these plants. In this paper, we review previous reported cases of HGT from Agrobacterium, including the transfer of T-DNA regions from Agrobacterium spp. to the sweetpotato [Ipomoea batatas (L.) Lam.] genome which is, to date, the sole documented example of a naturally-occurring incidence of HGT from Agrobacterium to a domesticated crop plant. We also discuss the possible evolutionary impact of T-DNA acquisition on plants.
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INTRODUCTION

Horizontal gene transfer (HGT) can be defined as the acquisition of genetic material from another organism without being its offspring. It contrasts with vertical gene transfer, which is the acquisition of genetic material from an ancestor. HGT is a universal phenomenon and occurs frequently among prokaryotes. Bacteria have acquired a variety of important traits including antibiotic resistance, pathogenesis and metabolic pathways, via HGT. These horizontal gene acquisitions enabled bacteria to explore new habitats and hence facilitated their rapid evolution (Maiden, 1998; Ochman et al., 2000; Gogarten et al., 2002; Hotopp et al., 2007). In contrast to its rather common occurrence in prokaryotes, examples of HGT in eukaryotes have been reported only infrequently. However, that appears to be changing as recent discoveries indicate the possible contribution of HGT to the acquisition of traits with adaptive significance, suggesting that HGT is an important driving force in the evolution of eukaryotes, as well as prokaryotes. In this paper, we review HGT in higher organisms emphasizing examples involving Agrobacterium species and plants. We also discuss the possible evolutionary impact of the transferred genes on their respective hosts.

HGT IN EUKARYOTES

Horizontal gene transfer played a pivotal role in the origin of eukaryotes. Endosymbiosis and the subsequent genetic integration of entire organisms gave rise to the mitochondria and plastids (Talianova and Janousek, 2011). Advances in sequencing technologies in combination with ever increasing amounts of sequence data have facilitated the identification of additional examples of HGT in eukaryotes. In most instances, these were identified by chance while sequencing for other purposes or as a result of phylogenetic incongruences while attempting to establish evolutionary relationships. Examples include DNA transfer from bacteria, fungi and plants to bdelloid rotifers (Gladyshev et al., 2008), bacteria to insects (Hotopp et al., 2007), bacteria and fungi to nematodes (Noon and Baum, 2016), fish to fish (Graham et al., 2008), bryophytes to ferns (Li et al., 2014), and bacteria to plants (White et al., 1983; Matveeva and Lutova, 2014; Kyndt et al., 2015).

A particularly interesting example of HGT is the transfer of fungal genes to the pea aphid (Acyrthosiphon pisum) (Moran and Jarvik, 2010). Genes coding for carotenoid synthase/cyclase and carotenoid desaturase enzymes had not been reported in animals until their discovery in the pea aphid genome. Carotenoid biosynthesis genes are responsible for the body pigmentation in pea aphids. Body color is considered an ecologically important trait that influences the susceptibility of pea aphids to predators and/or parasites. Ladybugs (Coccinellidae) prefer to attack red aphids while parasitic wasps are more likely to lay their eggs in green aphids. Phylogenetic analysis of these genes in the pea aphid (Nováková and Moran, 2012) indicated that they had been obtained from fungi. Further analyses suggested that these genes were acquired early in the radiation of this group (Nováková and Moran, 2012).

Despite being one of the oldest groups of land plants, the majority of living ferns resulted from a relatively recent diversification following the arrival of angiosperms. In order to exploit the new understory habitats created by angiosperm dominated ecosystems, ferns evolved strategies to thrive under the low light conditions created by the angiosperm canopy. In adapting to these conditions, ferns acquired an unconventional chimeric photoreceptor, called neochrome, that fuses red sensing phytochrome and blue sensing phototropin modules into a single gene, thereby optimizing phototropic responses (Li et al., 2014). The recent analysis of 434 transcriptomes and 40 genomes of plants and algae demonstrated that ferns acquired this gene from hornworts (a bryophyte lineage) via HGT about 179 million year ago (Li et al., 2014).

Horizontal gene transfer seems to have played an important role also in the transition from the aquatic to the terrestrial environment. A novel genome analyses of the moss Physcomitrella patens reveal that 57 families of nuclear genes were acquired by HGT from prokaryotes, fungi or viruses. These genes have strong implications on plant-specific activities, such as xylem formation, plant defense, and hormone biosynthesis. The study suggests that many of these genes were transferred to the ancestors of green or land plants (Yue et al., 2012). Other examples of HGT in plants involve the case of parasitic plants (Yang et al., 2016). The transcriptome analyses of three parasitic members of Orobanchaceae family show the occurrence of 52 high-confidence HGT events. Genes acquired by HGT are preferentially expressed in the haustorium, the host connecting organ of parasitic plants, proposing that these genes are contributing to the unique adaptive feeding structure of parasitic plants.

HGT FROM Agrobacterium SPECIES TO PLANTS (THE CLASSICAL MODEL)

Agrobacterium-mediated plant genetic transformation is probably the best studied and best understood system of transkingdom gene transfer. Agrobacterium is a plant pathogenic bacterium that causes neoplastic growth, i.e., uncontrolled cell division in host plants resulting in crown galls or in proliferating roots following the transfer of a segment of its DNA into the host cell genome.

Most of the bacterial genes necessary for the DNA transfer are located in a large tumor- or root-inducing plasmid (Ti/Ri plasmid) which also contains that part of the plasmid that is transferred (T-DNA). During Agrobacterium infection, plant-derived phenolics trigger the expression of the bacterium’s virulence genes, and the encoded proteins subsequently mediate the T-DNA transfer to the host plant cell. The final destiny of the T-DNA in the host cell is dependent on various interactions between Agrobacterium and plant proteins. Several host cell pathways are utilized to ensure that the T-DNA is imported to the nucleus and integrated into the host genome (Lacroix and Citovsky, 2016). Expression of the T-DNA genes in the plant can alter the physiology to stimulate cell division and root growth. IaaM and iaaH encode enzymes for the biosynthesis of auxin that is essential for crown gall development (Zhang et al., 2015). Several rol (root loci) genes are involved in root formation while the function of several T-DNA genes such as C-prot is still unknown (Otten et al., 1999). Opines are also encoded on the T-DNAs, they are utilized as carbon and nitrogen sources by invading bacteria and their presence can alter the biological root environment, particularly, root associated bacterial populations (Oger et al., 1997). Acs encodes the key enzyme for the biosynthesis of the opine called agrocinopine while mis is a mikimopine synthase and mas a mannopine synthase.

The ability of Agrobacterium to transform plants has been exploited for decades as a means to introduce foreign genes of interest into crop plants (Tzfira and Citovsky, 2006; Gelvin, 2009). However, Agrobacterium-mediated HGT is not restricted to the production of genetically modified crops. Evidence of the naturally occurring transfer of T-DNA genes from Agrobacterium into plant genomes and their subsequent maintenance in the germline has been documented in Nicotiana, Linaria, and more recently Ipomoea species Figure 1 (White et al., 1983; Intrieri and Buiatti, 2001; Matveeva et al., 2012; Pavlova et al., 2014; Kyndt et al., 2015). In these examples, the transferred genes are fixed and are expressed in the host plant’s lineage suggesting that they might have a functional role.
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FIGURE 1. Schematic representation of HGT from Agrobacterium to plants. Examples include; Nicotiana glauca “tobacco” (White et al., 1983) – upper right, Linaria vulgaris “common toadflax” (Matveeva et al., 2012) – middle right, and Ipomoea batatas (L.) Lam “sweet potato” (Kyndt et al., 2015) – lower right. Imagens courtesy of (a) Jing Xu, Indiana University, (b) A. H. Harris, Texas University at El Paso, (c) Graham Calow, NatureSpot (http://www.naturespot.org.uk/species/common-toadflax), and (d) International Potato Center (CIP).



HGT FROM Agrobacterium rhizogenes TO Nicotiana AND Linaria

More than three decades ago White et al. (1983) detected a region in the genome of Nicotiana glauca homologous to regions in the T-DNA of the Ri plasmid of Agrobacterium rhizogenes. The region was called cellular T-DNA (cT-DNA) (White et al., 1983). The cT-DNA in the N. glauca genome was initially described as an imperfect inverted repeat that contained two homologs to rol genes, NgrolB and NgrolC (Ng, N. glauca). Later, the cT-DNA was found to contain two additional genes corresponding to open reading frames ORF13 and ORF14 (Aoki et al., 1994). The discovery of mikimopine synthase (mis) sequences (NgmisL and NgmisR) in the N. glauca cT-DNA indicated that it originated from a mikimopine-type Ri plasmid (Suzuki et al., 2002).

PCR analysis and southern hybridization confirmed the acquisition of cT-DNA by N. glauca (Furner et al., 1986). Intrieri and Buiatti (2001) screened a total of 42 Nicotiana species for the presence of rolB, rolC, ORF13 and ORF14, and at least one of those genes was detected in the genome of 15 species. Phylogenetic analyses concluded that the rol genes seemed to follow the evolution of the genus Nicotiana. This study (Intrieri and Buiatti, 2001) also suggested that more than one independent infection of Nicotiana by A. rhizogenes occurred in ancient times. This hypothesis was recently corroborated through deep sequencing of the genome of the ancestral tobacco species Nicotiana tomentosiformis (Chen et al., 2014). The genome of N. tomentosiformis contains four cT-DNAs all of which are derived from different Agrobacterium strains. These cT-DNAs, TA, TB, TC, and TD, each contain an incomplete inverted-repeat structure. The TB region contains an intact mannopine synthase 2′ gene (TB- mas2′) that is highly expressed in roots of some N. tabacum cultivars. These results suggest that the TB-mas2′ gene could have been selected in some tobacco populations by nature or by tobacco growers, as a result of changes in the root metabolism of these plants (Chen et al., 2016).

cT-DNA sequences are not restricted to the genus Nicotiana. Indeed, they have also been found in species belonging to the genus Linaria, primarily within sections Linaria and Speciosae (Pavlova et al., 2014). Two copies of cT-DNA are present in Linaria vulgaris and are imperfect direct repeats. The Linaria cT-DNA appears to have originated from an ancient infection by a mikimopine strain of A. rhizogenes. Among the cT-DNA genes, rolC is the most conserved gene in the Linaria group and it contains an intact ORF. However, reverse transcriptional (RT) real-time PCR assays carried out using L. vulgaris internodes, leaves and roots under in vitro conditions have shown that rolC and the other cT-DNA genes are not expressed in these tissues (Matveeva et al., 2012).

HGT FROM Agrobacterium TO Ipomoea SPP.

Sweet potato [Ipomoea batatas (L.) Lam.] belongs to genus Ipomoea. Ipomoea is the largest genus in the family Convolvulaceae and contains 600–700 species. Over half of Ipomoea spp. are concentrated in the Americas, where they are distributed as cultigens, medicinal plants and weeds (Huaman, 1992). Series Batatas is a small group of taxa within the genus Ipomoea that contains 13 species that are considered to be closely related to sweet potato (Nimmakayala et al., 2011). Members of this series include Ipomoea cordatotriloba, I. cynanchifolia, I. grandiflora, I. lacunosa, I. leucantha, I. littoralis, I. ramosissima, I. umbraticola, I. tabascana, I. tenuissima, I. tiliacea, I. trifida, and I. triloba. The basic chromosome number of the series is 15 whereas the cultivated sweet potato is a hexaploid species (2n = 6x = 90). However, tetraploid (2n = 4x = 60) variants of I. batatas have also been reported (Bohac et al., 1993; Roullier et al., 2013) and these are sometimes referred to as tetraploid I. trifida or wild sweet potatoes in the scientific literature. Today, sweet potato is a staple food crop in many areas of the world. However, its botanical origins and the details concerning its domestication remain obscure.

The discovery of Agrobacterium genes IbT-DNA1 and IbT-DNA2 in the sweet potato genome represents the only known example of an ancient HGT that occurred in, what is today, a domesticated crop (Kyndt et al., 2015). Both regions, IbT-DNA1 and IbT-DNA2 were fortuitously detected during an analysis of small interfering RNA (siRNA) in the sweet potato cultivar Huachano. Plants of cv. Huachano contain an IbT-DNA1 with at least 4 ORFs with significant homology to the bacterial genes tryptophan-2-monooxygenase (iaaM), indole-3-acetamide hydrolase (iaaH), C-protein (C-prot) and agrocinopine synthase (Acs) and an IbT-DNA2 containing at least five ORFs with significant homology to ORF14, ORF17n, RolB/RolC, ORF13, and ORF18/ORF17n. The insertion of IbT-DNA1 has been corroborated by sequence analysis of a bacterial artificial chromosome (BAC) clone of sweet potato cv. Xu781. The BAC sequence revealed that the complete IbT-DNA1 encompassed 21,564 bp and consisted of an inverted repeat. IbT-DNA1 and 2 are transmitted from parent to progeny and the genes are expressed at detectable levels in different sweet potato tissues suggesting that they may have a function (Kyndt et al., 2015).

THE EVOLUTIONARY IMPACT OF THE ACQUISITION OF T-DNAS IN PLANTS

In general, for any foreign gene to be acquired by a host and stably inherited by its offspring (i) it must enter a cell and be integrated into the recipient genome, (ii) the DNA should not be lost after genome rearrangements during subsequent cell divisions, (iii) the transformed cell must enter the germ line, and finally (iv) the integrated sequence must be preserved in the course of evolution, which is most likely to happen if the gene confers a selective advantage to the recipient organism (Huang, 2013; Lacroix and Citovsky, 2016). In the case of T-DNA genes one could assume another specific requirement which is that the inserted genes must somehow be modified or controlled from their ‘natural’ expression pattern to avoid vigorous cell growth that would be detrimental to survival of the plant. The gold standard to determine gene function resulting from HGT is the existence of a phenotype that is correlated with the presence of those genes. However, changes to the phenotype are not always so obvious and may in fact be difficult to detect.

The phenotypic effect of the Agrobacterium rol genes present in Nicotiana and I. batatas is likely associated with root traits (Matveeva et al., 2012; Kyndt et al., 2015). The suite of genes rolA, rolB, and rolC when transformed in tobacco plants, is able to induce the full “hairy root syndrome” (Maurel et al., 1991). RolA and rolB are mutated in N. tabacum, while rolC is intact. Transgenic tobacco plants bearing only rolC display phenotypic changes such as reduced apical dominance, dwarfism, shortened internodes, lanceolate leaves, and early flowering. They also exhibit increased root production when compared to untransformed plants (Shoja, 2010). The exact role of IbT-DNA genes remains to be elucidated, although is known that the larger part of IbT-DNA1 and IbT-DNA2 genes are intact and are expressed.

How plants have avoided the Agrobacterium programmed expression of T-DNA sequences after insertion into their genomes to avoid Agrobacterium programmed cell proliferation is not clear yet, but several options can be considered. The T-DNA may have integrated in a region of the genome that is transcriptionally inactive, a property which is subsequently imparted on the inserted T-DNA. On the other hand, in sweetpotato the IbT-DNAs were originally discovered by small RNA sequencing and assembly, indicating that the genes -arranged in an inverted repeat- are targeted by the RNA silencing mechanism of the plant and in that way suppressed in their expression, even if they integrated in a transcriptionally active region of the genome (Kyndt et al., 2015). In the case of TB-mas2′, evidence suggests that originally it was a functional gene but has lost its expression in N. tomentosiformis, perhaps due to gene silencing; whereas it is active in N. tabacum (Chen et al., 2016).

The production of storage roots and the ability to easily propagate via rooted vine cuttings are major traits associated with the domestication of the sweet potato. Considering that IbT-DNAs appear to be inherited from wild relatives and some IbT-DNA genes have the potential to change plant physiology (auxin biosynthesis or sensitivity), it is tempting to speculate that IbT-DNAs have conferred an adaptive advantage to the host. A possible association between rolB/rolC genes and root parameters (total root yield, dry matter content, and harvest index) was evaluated in a population segregating for IbT-DNA2. No association between the occurrence of these genes and the noted root characteristics was detected, except for root yield at one location (Kyndt et al., 2015). Further study is required to establish the role, if any, of IbT-DNA2 genes in root development. To this end, a functional analysis using CRISPR-Cas9 to knockout single genes, combinations of genes, or the whole IbT-DNA1 and/or 2, would result in plants that could be analyzed in detail for their phenotype and developmental characteristics.

Knowledge of the timing of the ancestral infection as well as details about the infection process (such as whether it occurred as a single event or as multiple independent events), could shed light on the evolutionary impact of the cT-DNA and the IbT-DNA sequences on Nicotiana and Ipomoea spp. In Nicotiana, the data suggest that Agrobacterium spp. infected this group multiple times, independently. Incongruences during the phylogenetic analyses of rolB in Nicotiana were the first evidence of this hypothesis (Intrieri and Buiatti, 2001; Suzuki et al., 2002) which is now gaining general acceptance. Indeed, the four cT-DNAs found in the ancestral tobacco species N. tomentosiformis appear to be derived from different Agrobacterium strains (Chen et al., 2016). In the sweet potato, IbT-DNA 1 and 2 are present at different loci and segregate independently, i.e., IbT-DNA1 seems to be fixed, while IbT-DNA2 is restricted to only some accessions and segregates at random depending which genes are being analyzed. These differences may reflect different infection events. However, A. rhizogenes plasmids typically have two T-DNAs corresponding to IbT-DNA1 and 2 that are transferred independently but often simultaneously.

FUTURE PERSPECTIVES

Investigations about the role of Agrobacterium T-DNAs in the evolution of plants are only just beginning. Screening of additional Ipomoea species in our labs will demonstrate if T-DNA genes are confined to the cultivated sweet potato, or are also present in some of its wild relatives. The pattern of possible acquisition of IbT-DNAs by other Ipomoea species may help to formulate a hypothesis on the role that these sequences have played in the evolution of this crop – and its related species. Although these genes are expressed at detectable levels in sweet potato, and some of them (rolB/rolC) are associated with root parameters, further analyses are needed in order to clarify their function(s).
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