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Introduction

84

Agrobacterium tumefaciens and Rhizobium rhizogenes (also called A. rhizogenes) induce tumors and 85 hairy roots by genetic transformation. The mechanism for this process is well-known and has been were manually trimmed in MEGA v11.0.13 (Tamura et al. 2021) by deleting gaps with fewer than 217 three sequences. The trimmed sequences were then used to construct a phylogenetic tree using IQtree2 218 (Minh et al. 2020), with the parameter "-m MFP" to automatically detect the optimal model and build 219 a maximum likelihood tree with 1000 bootstrap replicates. The resulting tree was visualized and

Results

224

Investigation of the available Camellia short and long read WGS datasets, as well as chromosome-

225

scale genome assemblies (up to March 1, 2023) (Materials and methods, Suppl. Table S1) yielded 12 Due to incomplete coverage, only about 80% of the two repeats (each about 11.5 kb) could be 304 separated, they are 3% diverged. CaTC carries sequences with homology to acs, orf2, orf3n, c, orf8, 305 rolB, gene plast (truncated at its 5' end, the predicted protein has 87% identity to NTF91499.1 from 306 the R. rhizogenes T155/95 TL-region), and orf13. The rolB, plast, and orf13 genes are part of the 307 unique central region and, according to typical R. rhizogenes T-DNA structures [START_REF] Otten | T-DNA regions from 350 Agrobacterium genomes: maps and phylogeny[END_REF], belong 308 to the left arm (Suppl. Fig. S2). Several ORFs are intact: two copies each of acs, orf2, c, orf8, and the 309 unique rolB copy. CaTC was found in eight species of sect. Paracamellia (Suppl. Table S1). As in the 310 case of CaTB, the CaTC insert could be either present or absent in some species. 

317

order to simplify the coordinate numbers, we will transpose 6610000 to 1. This cT-DNA (Fig. 1, Table 318 1, Suppl. Fig. S2) was designated aza1CaTD. aza1CaTD is a partial, inverted repeat, separated by a 319 10.6 kb plant sequence (central plant region, CPR). The repeats are 91% identical. The CPR region 

333

The overall structure of aza1CaTD was confirmed by the WGS sequence JAKJMZ (compressed 334 haplotype) from C. oleifera cv. Nanyongensis (CON1). ole1CaTD (Fig. 3) is 13687 nt long and has 335 the same overall structure as aza1CaTA, but its CPR carries a plant sequence not found in aza1CaTD, 

354

additional plast gene sequence of about 0.6 kb (Fig. 4), the predicted Plast protein has 31% similarity 355 to the unusual T-DNA Plast protein NTF91499.1 from R. rhizogenes strain T155/9 (Otten 2021). We 356 assume that this plast gene was part of the left arm of the original CaTD insert. In addition, the 357 amp1CaTD region shows a direct repeat in susL.

358

In order to study the distribution of the various CaTD types among Camellia species, reads from 32 359 accessions with sufficient coverage were assembled into 39 contigs (Fig. 4) covering the LA and RA 360 regions. The CPR regions of these accessions could not be assembled because they are composed of 361 highly repeated sequences. Altogether, eight different plant inserts (PL1 to PL8) were found in 362 different CaTD contigs, PL3-PL8 could not be fully reconstructed from the short reads, because they 1, Suppl. Fig. S2). The che1CaTE map (Fig. 1) starts at coordinate 384 1458180, which we redefine as 1. che1CaTE consists of an inverted repeat with 98.6% identity 385 between the two arms. The general structure of the repeat is RB-LB-LB-RB and the gene order of the 386 original T-DNA is acs, orf2, orf3n, c, orf8, rolB, orf13, orf13a, orf14, mas2', and 

397

The acs and orf3n genes, one copy of rolB and mas1', and two copies of orf13 and orf13a are intact. S1). In addition, CaTF-like sequences were found in one out of two C. 

454

Five C. japonica hybrids also have CaTG-like sequences (Suppl. Table S1). They are over 99% 1, Suppl. Table S1). Only few reads were found per species, but they were over 

606

One example is Orf358. Its gene was found close to the left border of tra6CaTH. The predicted protein 607 has 64% similarity to protein MCZ7448279.1 from the recently sequenced R. rhizogenes strain 608 ST15.13.057 (accession JAPYZZ010000006.1, 358 AA), annotated as "hypothetical protein" (HP).

609

We propose to call it Orf358. The orf358 gene of ST15.13.057 is followed by the classical T-DNA 610 sequence orf2-orf3n-orf8-rolB-rolC-orf13-orf14-susL (the corresponding proteins were all annotated 611 as HP). On tra6CaTH, orf358 is also followed by orf2-orf3n-orf8-rolB-rolC-orf13. Thus, both on 612 tra6CaTH and the ST15.13.057 T-DNA, orf358 replaces the usual acs gene. No functional domains 613 were found in Orf358. Similar genes are present in four other members of the Rhizobiaceae (Fig. 6).

614

The corresponding proteins were annotated as HP. In these four strains, the genes are not accompanied 615 by other T-DNA genes, suggesting a bacterial function. Remarkably, Orf358-like proteins are also 616 found in eight different fungi (Fig. 6). PSI-BLAST analysis using MCZ7448279.1 as query, revealed 

665

However, in sect. Thea, this is not due to the absence of transformation, but to a CaTD deletion event 666 (Chen et al. 2022 and this work). More data are needed to establish whether the same is true for the 667 other sections. In some accessions of sect. Archecamellia, Theopsis, Eriandria, and Heterogenea,

668

CaTA or CaTD are missing, but present in others, again suggesting deletion events.

669

Compared to CaTA and CaTD, the other cT-DNAs show less divergence between their internal 670 repeats, indicating the following ages: 4.6 Mio yrs for CaTB and CaTC (about 3% divergence), 2.0 671 Mio yrs for CaTE (1.4%) and 1.1 Mio yrs for CaTG (0.7%). CaTH is about 75.000 yrs old (0.05% 672 divergence), and 14 of its 16 genes are intact. Its sequence is still very similar to the T-DNA from the 673 R. rhizogenes strain that introduced this cT-DNA in a C. transarisanensis plant, and the original 674 CaTH-a sequence could be entirely reconstructed from the consensus sequence of its repeats. C.

675

transarisanenesis is endemic to Taiwan (Internal Camellia Register), and it might be possible to study 676 the geographic origin and distribution of plants containing CaTH.

677

Our data provide new insight in the origin and evolution of nGMOs. We have argued (Chen and Otten given species is found to contain a cT-DNA, this species should (strictly speaking) not be designated 696 as an nGMO, but as a species "with nGMOs among its members".

697

Our data show the dynamic nature of the transformed state, as the genus Camellia has both acquired patterns and sequences, including their plant inserts, could be useful to improve the grouping of 

  CaTA sequences in different Camellia accessions, we detected a new type of susL 315 sequence, suggesting an additional cT-DNA. The corresponding cT-DNA (17.3 kb) was found in the 316 genome assembly of C. azalea cv. Z01, at coordinates GWHAOSQ00000004:6615474-6632762. In

  320 was most likely linked to the T-DNA sequences during the T-DNA insertion process, as it is unrelated 321 to the CaTD flanking sequences. aza1CaTD 5894-7039 is 72% identical to the susL gene from nGMO 322 Jasminum sambac. The CaTD region shows several unusual features. 8046-8926 has 65% identity to 323 the orf511 cT-DNA gene from nGMO N. tomentosiformis (Chen et al. 2014). 5498-5596 is 80% 324 identical to part of a bacterial insertion sequence (IS)-like sequence of the IS110 family, found in 325 several Rhizobium and Agrobacterium strains, like CP049220.1. LA also contains a 190 nt plant sequence (7361-7551, called PL1) between susL and orf511 with 91% identity to C. sinensis cv. 327 Shuchazao XM_028212253.1:144-333. RA is a shorter version of LA, it contains susL, the bacterial IS fragment was inserted in a T-DNA fragment, which was then duplicated and integrated into the plant 332 genome. However, the LA homolog LA* from che1CaTD and other CaTDs (see below) lacks PL1.

  336 and a 5802 nt deletion removes part of the CPR and the adjacent right arm. This shorter right arm was 337 called shRA. An assembled CaTD sequence from C. fluviatilis var. megalantha (C. lanceoleosa, 338 JANUSC) is fully colinear with ole1CaTD and 99.6% identical. 339 Another modified CaTD sequence was found in accession C. chekiangoleosa Hu (che1, Shen et al. 340 2022). A 18799 nt deletion has removed most of the CPR and the entire right arm (Fig. 3). The 341 che1CaTD LA sequence (called LA*) lacks PL1, but carries another plant sequence, PL2.

  342C. handelii, C. euryoides, and C. cuspidata (all sect. Theopsis), carry a modified CaTD (Fig.3) with a 343 16426 nt deletion with respect to aza1CaTD (6879-23305), removing RA and part of LA (leaving a 344 shorter LA, shLA). 345 Some accessions from C. nitidissima var. nitidissima (sect. Archecamellia) show a different type of 346 CaTD deletion (Fig. 3, Fig. 4, nit2, nit5), removing half of the LA (the rest being called sh*LA) and 347 the complete RA. Other C. nitidissima accessions (Fig. 4, nit1, nit3, nit4) do not (Suppl.

363

  are highly repeated in the Camellia genome. The gigCaTD insert shares PL4 with han1CaTD, aza1CaTD:5420 and 28617. further cT-DNA in C. chekiangoleosa Hu (CCH) in GWHBGBN00000017, called 383 che1CaTE (41.2 kb, Fig. 1, Table

  392 found immediately adjacent to the left and right border (che1CaTE:987-1277 and che1CaTE:41495-393 41785). IS1 and IS2 flank the mas1'-mas2' region and were probably part of the original T-DNA. The 394 central part of che1CaTE is most similar to JAAMCX01000012 from R. rhizogenes T155-95, whereas 395 acs and mas are more similar to sequences from R. rhizogenes A4. This reflects the well-known 396 chimeric nature of the T-DNAs (Otten 2021).

398

  che1CaTE was used as a query to investigate its presence in other accessions. Significant parts of the 399 CaTE insert were found in C. sasanqua sas1. C. japonica cv. 'Huaheling' jap4CaTE is very similar to 400 sas1CaTE. The C. sasanqua reads are not sufficient for complete reconstruction, but the simplest 401 model shows three deletions in sas1CaTE compared to che1CaTE (Fig. 1, del1-3). The left part of LA 402 is missing (del1), with a shift of the left border to the left (now corresponding to japonica 'Naidong' (SRR17085750.18983087) suggests a 5193 nt internal deletion (a region which 405 contains acs, orf2 and orf3n), probably due to homologous recombination between the inverted repeats, 406 which removes the unique region and 700 nt each of the adjacent inverted repeat (del2). Another 407 deletion in sas1CaTE occurs in the RA mas2' gene (del3). 408 CaTE traces were found in C. sasanqua cv. 'Xiaomeigui' and 'Zhaohe Zhi Rong', and in C. japonica 409 cv. 'HXZ', 'Naidong 768', 'red,' 'Chidan', 'Fendan' and 'Yudan'. Ten C. chekiangoleosa accessions 410 (Suppl.Table S1) contain large numbers of CaTD reads, but no CaTE reads. Thus, the presence of 411 CaTE in C. chekiangoleosa Hu (che1CaTE) is an exception in this species. It may be derived from 412 another Camellia species by hybridization. several C. oleifera (sect. Paracamellia) accessions showed homology to CaTD, but differed 417 from CaTD. Those from C. oleifera cv. XL210 (ole4) were assembled and extended into an 8 kb cT-418 DNA sequence, ole4CaTF (Fig. 1, Table 1, Suppl.Fig. S2). ole4CaTF contains two plant DNA inserts, 419 called pl1 and pl2. The overall CaTF structure is: orf8 interrupted by pl1, orf511, susL-1, interrupted 420 by pl2, and a second susL-like gene, susL-2 (72% identity to susL-1). The R. rhizogenes LMG152 TL-421 DNA (Otten 2021) also carries two dissimilar susL genes in the same order, but their sequences are 422 different. The ole4CaTF orf8 and orf511 genes are truncated at both ends. A search for CaTF in a 423 large collection of cultivated and wild C. oleifera accessions showed that CaTF was present in 14 out 424 of 68 accessions (Suppl. Table

  425kissii accessions, but not in other Camellia species. C. kissii has been considered as a variant of C.

  426oleifera by Sealy(1958).

  search for cT-DNAs in sect. Theopsis, we sequenced different accessions of C. 431 transarisanensis (Materials and methods). In one of these (tra3, SRR22071522), we found a new cT-432 DNA, designated tra3CaTG (41.5 kb, Fig. 1, Table 1, Suppl. Fig. S2). It consists of a partial, inverted 433 repeat of the LB-RB-RB-LB type. Part of LA and RA could be aligned with R. rhizogenes T155/95 T-434 DNA. Another region is similar to the nGMO N. tomentosiformis TD region (KJ599829.1). The 435 remaining regions showed no detectable DNA homology to either plant or Agrobacterium sequences, 436 but BLASTX analysis showed homology to various T-DNA proteins.

  437tra3CaTG carries the following T-DNA genes: acs, orf8, rolBTR , orf14-1, orf2, orf3n, orf13, orf13a, 438 orf14-2, and cus. This represents a new type of T-DNA with two different orf14 genes (30% identity 439 at the protein level), and an orf2-orf3n fragment in an unusual position. For a discussion on the origin eur1CaTG is similar to tra3CaTG. Its repeats are 99.3% identical. The high similarity between 449 tra3CaTG and eur1CaTG on the one hand, and between LA and RA from each of the two species on 450 the other hand, show that CaTG is of recent origin. CaTG is also found in sect. Eriandria, but not in 451 other sections. Thus, CaTG must have been introduced in the immediate ancestor of these two sections.

452

  This corresponds well to the fact that sect. Theopsis and Eriandria are considered to be closely related 453(Viyajan et al. 2009; Zhang et al. 2021a).

  455identical to each other and 98.3% identical to tra1CaTG. Each hybrid contains DNA from C. synaptica assume that these CaTG sequences originated from the sect. Theopsis partner. The CaTG-like reads 458 from the C. japonica hybrids were assembled into 16 contigs. They aligned with the rolB TR -orf8-acs 459 part of the right arm of tra1CaTG (Fig.1). The remaining sequence is missing. Inspection of the right-460 most contig showed that the C. synaptica sequence diverges from tra1CaTG at tra1CaTG:41764, 461 which represents the right border. The C. synaptica CaTG-like sequence is thus inserted in another 462 plant sequence (see below). We therefore called it synCaTG* (Fig.1). cT-DNA was found in C. transarisanensis tra4 and tra6. Two different units were found:467CaTH-a (24.5 kb, several copies) and CaTH-b (9 kb, one copy), assembled together in one long 468 fragment (Fig.1, Table1, Suppl. Fig. S2). The gene order of CaTH-a is orf358 (a new type of T-DNA 469 gene, see below), orf2, orf3n, orf8-1, rolA, rolB, rolC, orf13, orf13a, orf8-2, rolBTR, and susL. All, 470 except orf8-1 and rolA, are intact ORFs. The orf8-1 gene shows a stop codon at 6327 in all copies of 471 the CaTH-a unit, which was therefore present in the original T-DNA. The truncated orf8-1 gene would 472 still allow the synthesis of a 281AA N-Orf8 protein with potential biological activity (see below). The 473 predicted Orf8-1 and Orf8-2 proteins show only 45% similarity. Long read SRR22198564.1153256 474 from tra4 carries the single CaTH-b unit, linked on the left to the RB of a CaTH-a unit, and on the 475 right to the LB of the next CaTH-a unit. As the long reads are imprecise, the sequence of CaTH-b was 476 assembled using the tra6 short reads (Fig. 1, Suppl. Fig. S5). CaTH-b shows a 1.5 kb fragment on the complete insert is shown in Suppl. Fig. S5a. To the right of the e-d-c'-c region, a 2 kb junction region 483 (intercal 1, Suppl. Fig. S5b), composed of two short CaTH-a fragments, links this unique fragment to 484 the LB of the neighboring CaTH-a unit. A second rearranged sequence composed of three short 485 CaTH-a fragments (intercal 2, Suppl. Fig. S5b) is found more to the right. The CaTH-a unit from tra6 486 shows only 14 SNPs, showing the very recent origin of this insert. A short, partial CaTH fragment 487 from the susL-RB-LB region was found in tra5. No other Camellia accessions contained CaTH of cT-DNA, CaTL, was found in C. impressinervis, C. huana, C. pingguoensis, C. 493 fascicularis, and C. aurea (all from sect. Archecamellia) and C. insularis (not yet attributed to a 494 section) (Fig. 1, Table

495

  99% similar. Two separate fragments could be assembled (called CaTI-a and CaTI-b, Fig.1, Suppl.

  496

Fig

  Fig.S2). CaTI-a (2010 nt) contains an acs-like region (129-1367) with 77% identity to the acs region

617

  several phosphodiester glycosidases in the second iteration, for example WP_150671122.1 from the 618 bacterium Pandoraea anhela (20% similarity). Thus, orf358 from ST15.13.057 and CaTH may encode 619 a new opine synthase. The T-DNA protein Acs (agrocinopine phosphodiesterase) is also a 620 phosphodiester glycosidase, but Orf358 and Acs show no similarity. 621 Another enigmatic T-DNA protein is protein C, the gene is found on CaTB, CaTC, CaTE, CaTH, and 622 CaTL. We noted previously that gene c also occurs in two fungi, Pestalothiopsis fici and Melampsora 623 larici-populina, possibly introduced through natural transformation by Agrobacterium (Chen et al.

  624 2014). A recent homology search found that gene c sequences not only occur on T-DNAs or cT-DNAs, are available for sect. Corallinae and Piquetia. Fig. 7 shows the relationship between the divergence 650 of the internal repeats in the cT-DNAs (indicative for their order of introduction and age) and the cT-651 DNA distribution over different sections. the genus Camellia carry 12 different cT-DNAs, CaTA to CaTL, which result from 656 multiple transformation events. All 72 investigated Camellia species are natural transformants, 657 showing the prevalence of genetic transformation in this genus. Although we do not have a complete 658 overview because of insufficient coverage in different Camellia species, the overall pattern is fairly 659 clear. CaTA and CaTD were inserted early, as shown by the divergence of their repeats (about 10%) 660 and wide distribution. However, CaTA is lacking in sect. Camellia and Paracamellia, and the 661 corresponding insertion sites are intact. Previously, we estimated that the CaTA insert is about 15 Mio seems different. It is absent from sect. Thea, Longipedicellatae, Calpandria, and Tuberculatae.

678 2017 ;

 2017 Chen et al. 2022) that the appearance of an nGMO requires different steps: the induction of 679 hairy roots, the spontaneous regeneration of a hairy root into a fertile nGMO plant, and the survival of 680 the descendants over evolutionary time. Transformed plants could rapidly replace non-transformed 681 siblings if they are sufficiently different to cause reproductive isolation. The present study shows that 682 new nGMO plants might not always be able to rapidly establish a population with a genetically fixed 683 cT-DNA insert. Indeed, age and distribution of the CaTB and CaTC inserts indicate that it may take 684 millions of years for a cT-DNA to become fixed. The rapidity of fixation probably depends on the 685 selective value of the cT-DNA. Crosses between closely related accessions containing either a cT-686DNA or not, may yield more information on this. Another conclusion from these findings is that 687 several accessions must be investigated before one can state that a given species never underwent 688 genetic transformation.689From our Camellia results, it appears that the approximate average natural transformation frequency in 690 Camellia is about one event every 1.25 Mio yrs (12 cT-DNAs in 15 Mio yrs), but this figure could 691 change as more Camellia species are sequenced. The Camellia data hint at the possibility that many 692 plant species could be mixtures of transformed and non-transformed individuals. This means that if 693 nGMO detection is based on one or a few accessions (as in Matveeva and Otten 2019), the overall 694 frequency of species with nGMOs could be severely underestimated. Also, if a single accession of a

  695
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 96329723976459876 Fig. 2 a Maps of the hypothetical ancestor CaTA, sin1CaTA, fan1aCaTA, cus1bCaTA, tra1bCaTA,

Fig. 7

 7 Fig. 7 Hypothetical order of cT-DNA insertion events in the genus Camellia. The cT-DNA sequences

  TableS1).

	348	
	349	Inspection of long reads of sect. Theopsis species C. transarisanensis (tra1) revealed a 23.3 kb
	350	deletion compared to aza1CaTD 5409-28675, removing the entire CaTD. In sect. Theopsis, 15 out of
	351	30 accessions lack the CaTD region, in sect. Eriandria, five out of six.
	352	C. crapnelliana (sect. Heterogenea) has a CaTD sequence with a similar overall structure as
	353	han1CaTD, cus1CaTD, and eur1CaTD, but the sequence is only 89-90% identical (see below). A
		further type of CaTD was found in C. amplexicaulis. amp1CaTD lacks orf511, but contains an

  A. tumefaciens MD_2022a, KJF65760.1), on one T-DNA (MCZ7448279.1, R. 994 rhizogenes ST15.13.057), and in one nGMO (tra6CaTH, C. transarisanensis).

	988	
	989	(Amorphotheca resinae, PSS15205.1; Glarea lozoyensis 74030, EHL02794.1; Glarea lozoyensis
	990	ATCC 20868, EPE26289.1; Infundibulicybe gibba, KAF8887076.1; Xylariaceae sp. FL0255,
	991	KAI1325734.1; Xylariaceae sp. FL1272, KAI0153137.1; Xylariaceae sp. FL1019, KAI1258539.1;
	992	Tephrocybe rancida, KAG6916237.1), in free-living bacteria (Pandoraea anhela, WP_150671122.1;
	993	Rhizobium terrae, WP_117196202+203; R. nepotum, NSZ14673.1; A. fabrum ID132,
		WP_265613673.1;

and Otten 2019; Matveeva 2021). Such plants were called natural Agrobacterium transformants or

rhizogenes T-DNA proteins[START_REF] Otten | T-DNA regions from 350 Agrobacterium genomes: maps and phylogeny[END_REF]. In a few cases, cT-DNA sequences without similarity to

Protein or nucleotide sequences were aligned using MUSCLE(Edgar 2004). The aligned sequences

annotated using iTOL (Letunic and Bork 2021).

different cT-DNA inserts, which we will call CaTA to CaTL (see below). Their sequences are

provided in Suppl. Fig.S2, maps are shown in Fig.1. Various properties (size of insert, size of left and

right arms, size of flanking plant sequences, percentage of identity of repeats) of these inserts are listed

in Table1, and their distribution among the various Camellia accessions is given in Suppl. TableS1.

Suppl. Fig.S2). sas1CaTC consists of a partial, inverted repeat of 28.4 kb of the LB-RB-RB-LB type.

fragment and a PL1-like sequence. The latter is 27 nt shorter than PL1 (PL1*, 20530-20685) and a 66

nt sequence adjacent to PL1 in LA (7552-7618) is found on the other side of PL1* in RA (20686-

20756). The presence of PL1 and PL1* in both CaTD arms seems to indicate that this plant DNA

cus1CaTD, eur1CaTD, confirming their close relationship. Although the ancestral insert carries LA

and RA, we found 13 cases (Fig.4, lower part) which only contained LA* with PL2, as in che1CaTD

(Fig.3). C. sasanqua sas1CaTD is an exception, as it contains both LA*, but also LA and RA. This

and LA, but no RA (the extent of the deletion around RA could not be established).

between the LA, RA, shLA, shRA, sh*LA, and LA* sequences. It indicates five independent losses of

RA (red arrows), partial deletions of LA and RA, and insertion of different plant sequences in various

branches.

Compared to aza1, the C. sinensis cv. Shuchazao sequence shows a 23.2 kb gap, between

JAKJMZ010000013.1:68158951). The central part is also modified. An unusual CaTE read in C.

of the orf2-orf3n region, see below. It should be noted that only 10 different R. rhizogenes T-DNAs

Agrobacterium and in nGMOs, clearly suggests that many R. rhizogenes strains remain to be

discovered. Two copies each of orf8, rolB TR , orf14-1 and orf3n, and one copy of orf13, orf13a, orf14-2

and cus are intact and could code for active proteins (see below). The CaTG structure varied in

different C. transarisanensis accessions, these variants are shown in Suppl. Fig.S4.

CaTG was also found in other species from sect. Theopsis (Suppl. TableS1), but is lacking in one

accession of C. cuspidata and the two accessions of C. lutchuensis (sect. Theopsis). C. euryoides

var. parviovata (sect. Theopsis, International Camellia Register; Zhang et al. 2021a). We therefore

left (FR, Fig.1) with 68% identity to the right end of the A. vitis CG412 TB region (Group IIa, Otten

2021). This fragment includes a partial IS66-like sequence, and two vis gene fragments. It is followed

by the intact genes e-d-c'-c. The e-d-c'-c gene combination is found (in the reverse order) on the T-

nopaline strain C58), but has not been reported in R. rhizogenes or nGMOs so far. The structure of the

ole1CaTD. JAKJMZ010000001 refers to chromosome 1, and for simplification, JAKJMZ0100000

monooxygenase, and could lead to indoleacetamide synthesis. The amp1CaTK Orf8 protein is highly

but also in several free-living Rhizobium strains outside a T-DNA context. Remarkably, in those cases,

gene. R. leguminosarum Cermik105A and Sinorhizobium meliloti M270 also carry gene c and an acs

gene. In R. nepotum 39/7, gene c is linked to a vitopine synthase (vis) gene. Thus, gene c could have

yrs old. As the Camellia group arose some 14.3 Mio yrs ago(Wu et al. 2022), this suggests that sect.

and lost cT-DNAs. Species carrying CaTA and CaTD have persisted for millions of years, with

accessions carry three cT-DNAs (in different combinations), C. sasanqua accession CM-1 has four.

interspecific and intersectional hybridization, both natural and man-made, as this will lead to

abnormalities in the phylogenetic tree. We detected three cases of cT-DNA transmission by

intersectional breeding. The first involves transfer of synCaTG* from C. synaptica to five C. japonica

(as expected for the plast genes, including orf8). The functions of several cT-DNA genes remain

unknown. These include orf358, orf8, orf13a, orf14, gene c, gene c', gene d, gene e and orf511, all

found in Camellia. The new T-DNA gene orf358 is found at a position normally occupied by an acs

gene and might code for an enzyme, as the predicted protein is weakly related to phosphodiester

glycosidases. The orf358 gene occurs on the T-DNA of a single Agrobacterium strain, in one nGMO

(C. transarisanensis), and strikingly, in several fungi. Thus, this gene could have been transferred

from fungi to a T-DNA in Agrobacterium, and then to Camellia, or from Agrobacterium to fungi and

Mol Biol 215:403-410. https://doi.org/10.1016/S0022-2836(05)80360-2

Cai Y, Meng J, Cui Y, Tian M, Shi Z, Wang J (2022) Transcriptome and targeted hormone

metabolome reveal the molecular mechanisms of flower abscission in Camellia. Front Plant Sci

13:1076037. https://doi.org/10.3389/fpls.2022.1076037

Chang HT (1998) Genus Camellia. In: Chang HT, Ren SX (eds) Theaceae, Flora Republicae Popularis

(eds) Molecular form and function of the plant genome, Plenum Press, New York, pp 625-636

ole4CaTF: plant insertion sequences. susL-1 and susL-2 in ole4CaTF: two different susL genes. del a

In two fungi (Melampsora larici-populina, EGG11381.1; Pestalotiopsis fici, ETS73997.1). acs, c:

unlinked genes, acs-c: linked genes.
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Although CaTD is widespread, some Camellia accessions lack CaTD. These include all accessions 374 from sect. Thea and Tuberculatae, two out of seven C. indochinensis accessions (sect. Archecamellia), 

711

The oldest cT-DNAs, CaTA and CaTD, have been modified by insertion of different plant sequences.

712

These plant sequences likely originate from transposition, with different inserts having been

713

introduced at different times and in different evolutionary branches (Fig. 5). They could not be fully 714 reconstructed from short reads, because of their highly repetitive nature. Altogether, we found 12 

727

amplexicaulis. This species carries the unique CaTK sequence with its highly unusual orf8 gene, and a

728

unique CaTD sequence with a plast gene, lacking in all other CaTDs. The precise taxonomic status of 729 this species is not clear (Vijayan et al. 2009;Zhang et al. 2019;Zhao et al. 2019; International 730 Camellia register). Further studies on its two unusual cT-DNAs and their occurrence in other Camellia 731 species may help clarify its affinity to other species.

732

The Camellia cT-DNAs contain altogether 47 ORFs (Fig. 1). These need to be further investigated for 733 their possible influence on metabolism (as expected for the opine synthesis genes) and development Camellia. The possibility that some fungi were transformed by Agrobacterium (Chen and Otten 2017) 

759

A large effort will be required to elucidate their biological effects, both on the level of the individual 760 genes, and on the level of the species that carry them. Analysis of rarely studied Camellia species will 761 help us to trace these inserts through evolutionary time, and thereby provide new tools to study 762 Camellia evolution. We believe that the genus Camellia with its numerous cT-DNAs represents an 763 excellent model for the origin, function and evolution of plant nGMOs. Table 3 

764