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Background
Following the finding, that microbial cyclolavandulyl synthase (from Streptomyces sp. CL190) has detectable irregular activity, the Darmstadt team suggested to expand our candidate search for possible IDS enzymes originating from microbiome or plant food of P. citri. They have provided the nucleotide and aminoacid sequence to be used for the search:
>BAO66170.1
ATGACCACGTTGATGCTGCTGCCGGACGGTATGCGCCGCTGGTCCGAGAAGAACGGCGTCTCCCTCGACGACGGCTACGCGGCCATGGGGGACAAGATCATCGAGTTCATGGGCTGGGCCAAGGAGGAAGGCGTCAAGACGCTCTACATCACGGCCTCCTCCGCCGCGAACCACGGTCGCCCCGAGGCTGCGGTGAACACCTTCATGGAGGCGTTCACCGAAGTGATCAGGCGCTGCCACAGCCAGTTCAAGTTCGACTTCTCCGGGTCGCTCGACCTCGTCTCGGAGGACTACCTCACCGAACTGTCCGCCCTGCGCGACAAGTCGGACAGCGAGTCGGACTTCACCCTGCACTACATCCTGGGGATGTCCCTCTCCCACGAAGTCGTCGGCATCTTCAACAAGCTCAACGGGAAGATCCCGGAGATGACCGAGGAGATCCTCGCCGAGAACGCGTATGTCCCCACGCAGGTCGACTACATCATCCGCACCGGCGGGGCGATCCGTATGTCCTCCTTCTTCCCGCTGATGTCCCCGTACGCGGAACTGCACTTCTCTCCCGTGCTGTTCCCCGACACGACGCGAGCCGACTTCGACGCCGCTCTCAAGGACCTGCGGGCACGGGACCGGCGCTTCGGCGGCTACCCGGCGTGA
>X5IYJ5
MTTLMLLPDGMRRWSEKNGVSLDDGYAAMGDKIIEFMGWAKEEGVKTLYITASSAANHGRPEAAVNTFMEAFTEVIRRCHSQFKFDFSGSLDLVSEDYLTELSALRDKSDSESDFTLHYILGMSLSHEVVGIFNKLNGKIPEMTEEILAENAYVPTQVDYIIRTGGAIRMSSFFPLMSPYAELHFSPVLFPDTTRADFDAALKDLRARDRRFGGYPA
We suggested that finding microbial candidates might be difficult, as polyA selection was used for our RNA-seq, therefore bacterial sequences should be strongly depleted in our data. On the other hand, any bacterial sequence that might have slipped the selection step has been already included in our candidate search (if it produced at least two reads with satisfactory quality), as all contigs from both de novo transcriptome assemblies were used for InterProScan and filtering using IDS-related InterPro IDs (IPR000092 for trans- and IPR001441 for cis-IDS).
To explore our possibilities with the data, we decided to do the following:
1. Map reads from our RNA-seq data to the sequence of cyclolavandulyl synthase from Streptomyces.
2. Check if the cyclolavandulyl synthase contains the IPR001441 defined motifs and thus cyclolavandulyl synthase-like sequences should already be in our candidate list 
3. Prepare a BLAST database of the assembled contigs from both de novo transcriptomes and use the cyclolavandulyl sequence to BLAST against it to find additional cyclolavandulyl synthase-like sequences.
4. Explore the results of Centrifuge analysis to see, how much non-P.citri reads are in our data.
5. Determine if all selected candidate sequences are from P.citri or if we unknowingly already included sequences originating from some other organisms.
6. Search for additional cis- or trans- candidates by expanding the range of IPR IDs used for filtering.
Results
1. No RNA-Seq reads mapped to the sequence of cyclolavandulyl synthase from Streptomyces sp. strain CL190.
This is kind of expected, as only if this specific Streptomyces sp. (or some very close relative) was somehow associated with P. citri (which is unlikely), we could hope for some reads to map. For reads to map, only a few mismatches are allowed.
2. [bookmark: _GoBack]IPRScan of cyclolavandulyl synthase gives IPR001441 ID as the best match 
We used InterProScan on the sequence of cyclolavandulyl synthase from Streptomyces and got back the same ID as was already used to filter out our candidates (IPR001441). Any sequence showing similarity to cyclolavandulyl synthase should therefore be already in our candidate list.
3. BLASTing with cyclolavandulyl synthase sequence against our de novo transcriptomes gave 2 hits but with low E-values
We prepared BLAST databases with nucleotide sequences of the contigs from both assemblies and used tblastn to query them with amino acid sequence of the cyclolavandulyl synthase from Streptomyces. We got two hits, both with relatively high E-values (this means the similarity is quite weak):
· NODE_8  from transctiptome.v1 (E-value 1e-05)
· NODE_39580 from transcriptome.v2 (E-value 2e-04)
NODE_39580 has been already included in our initial candidate list (cis14) and is a shortened version of cis1, which has been selected for testing with the cell-free system. NODE_8 is a new candidate and interestingly, it originates from Moranella endobia, an endosymbiont of P.citri - it  matches perfectly M. endobia undecaprenyl pyrophosphate synthase (see sequences below).
>NODE_8_cis-IDS_ORF
MSSKNQQQLIELPHSSPRHVAIIMDGNGRWATNRGQLRIFGHQAGFKSVRRAVSFAANHHFEALTLYAFSSENWKRPSKEVSALLELFMLALDSEVKSLHRHNVRLRIIGDTSCFGLRLQEGIRRSETLTCNNDGLTLNIAANYGGRWDIIQGVRQLATRVQEGRLRPDQIEEDTLCQVVCVNELAPVDLVIRTGGEHRISNFLLWQIAYAELFFTDVLWPDFDDSVFEMALTSFAQRERRFGGTAPNYS

>AGJ61212.1 Undecaprenyl pyrophosphate synthase [Candidatus Moranella endobia PCVAL]
MSSKNQQQLIELPHSSPRHVAIIMDGNGRWATNRGQLRIFGHQAGFKSVRRAVSFAANHHFEALTLYAFSSENWKRPSKEVSALLELFMLALDSEVKSLHRHNVRLRIIGDTSCFGLRLQEGIRRSETLTCNNDGLTLNIAANYGGRWDIIQGVRQLATRVQEGRLRPDQIEEDTLCQVVCVNELAPVDLVIRTGGEHRISNFLLWQIAYAELFFTDVLWPDFDDSVFEMALTSFAQRERRFGGTAPNYS
The reason why NODE_8_cis-IDS_ORF was not discovered with our approach is that the whole NODE_8 contig was very long and contained several ORFs. For the IPRScan we only selected 3 longest ORFs from each contig and for NODE_8, the cis-IDS_ORF was not one of them. This might be a consequence of NODE_8 being a long bacterial polycistronic transcript.
As the two P. citri endosymbionts (Moranella endobia and Tremblaya princeps) might be interesting for our purpose, we performed IPRScan of their proteomes to search for additional IDS candidates (cis- and trans-). We could only find the same sequence as the one identified with BLAST (AGJ61212.1 undecaprenyl pyrophosphate synthase).
4. RNA-seq samples of virgin and mated females differ significantly in proportions of bacterial reads 
We examined the results of the Centrifuge classification algorithm to determine what portion of the reads can be assigned to bacteria. We found that the percentage was a bit higher than expected (10-30 %; varies among samples). Even more interesting was the observation that the percentages were significantly different between samples from mated or virgin females (Figure 1).
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Figure 1: Box-plot of percent of reads that were assigned to bacteria in samples from mated or virgin P. citri samples (N=4).


We also compared the percentage of reads from bacterial groups of interest (Firmicutes and Streptomyces) and both endosymbionts (Moranella endobia and Tremblaya princeps) (Figure 2).
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Figure 2: Box-plot of percent of reads that were assigned to different bacterial taxa in samples from mated or virgin P. citri samples (N=4).
The observed differences could be a consequence of some technical detail (e.g. mated and virgin females were fed different diets or were collected at different time points), but it could also be of biological importance, as it has been already established that both endosymbionts play an important role in their hosts’ nutritional and reproductive physiology (see article https://doi.org/10.1186/1471-2180-13-74).


5. Candidates selected for the high-throughput testing already include some sequences that are most probably not originating from P. citri 
We used blastp to determine probable organism of origin for the candidates selected for the cell-free test. We concluded that trans25 and cis21 originate from Wallemia, trans21 is of plant origin, and the origin of trans26 could not be unambiguously determined (there were no insect sequences in top hits but there was a mix of different fungal and vertebrate sequences).
Other candidate sequences are most probably from P. citri as the top hits were sequences of insect origin. In most cases, there were also hits from other organisms (birds, bats, fish, bacteria…) with similar or slightly lower score but we considered those as erroneous assignments of high-throughput sequencing projects. 

6. Expanding the range of IPR IDs used for filtering out candidates gave some new cis- and trans- candidates
To find additional candidates that might also be IDS but were missed with our filtering approach (with IPR000092 for trans- and IPR001441 for cis-IDS), we performed additional filtering in which we included all terpene synthesis related IPR IDs.
For cis: 
[image: ]
Figure 3: Additional IPR IDs used for filtering our potential candidates.
We found two additional candidates, one of which seems to originate from Wallemia. 
>cis23 (IPR036424, IPR038887)
MQLVAILKKTLLLALLIFLHVLHLSVQLFKSLKAALRLRKSYNVQAPRTLAVVLILNEYKGLWKRDKQLQWLIDSAKNATRWCENHGVQQLTIYEHTGTLKKYYNDVDVEDTSTDTPPLSPPPTPTLTPQSLGSIKKSTVSVRLLSGDEATERFFKVAADVQKEEFSSHTQRIAFTDSLMKRWYKHDDPELIVVHHLQPSFISKCLQVKGFPPWQLRVGEIYHEKYRLPFSRGALSEDVLTRALYSYGKVEQRLGK
>cis24 (IPR038887) from Wallemia
MYAFVYPVSSAVVGFLCRFILNIVHILFFIYLQIKHSKFVLLKVLYNTKSLLTDQMKQEEMENDFISKSIKQFSKLPKHLVFAIGEEKVSYNDLAQLIAWCLPTGVPVISFYDHKDELNADMLFDVFVKTHGDLTPSIKWGVSFNREFEYGTYGEMPCLQVNILTSKYSRRLLIDSIKELSHIQDIRLDDRASAEAALDDIMLSKFSYCANPDLLVISGDCYTTFGLSPWHMGFTEFSLVPSYKLLTVNDFVGVLATYARCDQKFGR


For trans:
[image: ]
Figure 4: Additional IPR IDs used for filtering our potential candidates. The IDs that gave new candidates are marked in green.
We found six additional candidates but none of them contains the IDS motifs (DDXXD).

>trans73_ORF (IPR006449, IPR033904, IPR008949) probably a plant squalene synthase
MDQFHHVSTAFLELGKLYQQAIEDITMRMGAGMAKFICKEVETTDDYDEYCHYVAGLVGLGLSKLFHASGTEDLASDSLSNSMGLFLQKTNIIRDYLEDINEVPKCRMFWPREIWSKYVNKLEDLKYEENSVKAVQCLNEMVTNALSHVEDCLTYMFNLRDPSIFRFCAIPQVMAIGTLAMCYDNIEVFRGVV
>trans74_ORF (IPR008949)
MSASSRTTLAMFRRGIPSTLINGRFGLLLNNAEQQPRFYGTKPATNQQRIDWNRAVTEAEKIVGYNTSFMSMRWLLSDEIANVAVHLRKLVGSNHPLLKTAKSLIYNGRNNLQAWGLIVLLISRAAGHMHVVDETEEDKAAGVLHSQRALAEVTEMIRTSHLVHKALVNIPQDLCHKTPEIDELTYGNKIALLSGDYLLGHSCVELAGMKDQDVRFFFNQSPFTKKK
>trans79_ORF (IPR008949)
MSSAVKDLTEGEFIGRKDNQDNPLPSIPPADSENYALNEWTMKTVLGAGSLLGKACKGTLKLAGHNQEMQELGYNFGKHLALAWQACLDLGPFICEDRNSPFCICSAPVMFHIEHDPSILIEIDKGLDSVHNINYVKVFDIVNNGPGIELTKQLQRDHSQ
>trans82_ORF (IPR008949, IPR034686) probably fungal
MCFPFGDRERTLWAARFVTLLFCLDEDLDRNQKLHLLPILKGLVEGSRKPDPNDRAELAIAEAWGNIKRTSDPNTFKQLVRLTVDYFNAHGNIRYENYDQYVATRRRNVGAYFMWGYGRYTLGINLTDAQLEHPLIKELEDVAGLHIAFVNDYLSYTKEYLTDTASNNILTLLQVNDKFTKEEAIKKVVNDIDQCEIKYVEIAKKVFEDDELSKSEDATKFTLNIPYALSGNAWWSQVTKRYDVDPEKNPIPFRKINIDTHQGYHPFAVKFVTQPIPNKLEEAKTEAVNTALPIA
>trans83_ORF (IPR008949)
MVFRFQAINVYTEQLLELHRGQGMEIYWRDNFTCPSEDEYKTMTIRSKYSTKCVSNCDLLFYLNCCVLSIRYFFAQKLEDYSCWQSDLCSCLAIINRILRNLPNF
>trans84_ORF (IPR008949) probably bacterial
MNTATDEDKDFIVNNYGDVETTRKLMEKYKIAEGFELYRNDLSKSINTKIERVSNEHKLQDGLIAVHDTVNQFLSRKVSKIKVDF
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IPRO36424  Decaprenyl diphosphate synthase-like superfamily

IPRO38887  Dehydrodolichyl diphosphate synthase complex subunit Nus1
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