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      Abstract

    

  
      Contamination with exogenous DNA is a constant hazard to ancient DNA studies, since their validity greatly depend on the ancient origin of the retrieved sequences. Since contamination occurs sporadically, it is fundamental to show positive evidence for the authenticity of ancient DNA sequences even when preventive measures to avoid contamination are implemented. Recently the presence of wheat in the United Kingdom 8000 years before the present has been reported based on an analysis of sedimentary ancient DNA (Smith et al. 2015). Smith et al. did not present any positive evidence for the authenticity of their results due to the small number of sequencing reads that were confidently assigned to wheat. We developed a computational method that compares postmortem damage patterns of a test dataset with bona fide ancient and modern DNA. We applied this test to the putative wheat DNA and find that these reads are most likely not of ancient origin.
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      eLife digest

    

  
      Ancient DNA, that is to say DNA extracted from fossils and ancient remains, provides a window into the past lives of humans, animals and plants. But working with ancient DNA is challenging; DNA decomposes with time, and so ancient DNA is often fragmented, damaged and present in tiny quantities. Furthermore, ancient DNA is also easily contaminated by modern DNA from those handling it and its surroundings. Researchers have therefore developed special protocols for working with ancient DNA and tests for its contamination.

One approach used to check that DNA is of ancient origin identifies a pattern of damage that is specific to ancient DNA. This damage changes the building blocks that make up DNA, causing one (called cytosine or C) to be misread as another (thymine or T). This substitution occurs most frequently at the ends of ancient DNA molecules, and occurs less often along its length, forming a detectable and characteristic pattern of damage.

A common way to analyse ancient DNA is to sequence it and then compare the resulting sequences to the genomes of modern organisms to identify its origins. In a study published earlier in 2015, investigators sequenced the DNA present in sediments obtained from a submerged archaeological site off the coast of the Isle of Wight in the United Kingdom. This previous study identified some DNA fragments that matched sequences in the wheat genome. This led the investigators to conclude that wheat was present in the British Isles around 8000 years ago, some 2000 years earlier than previously thought.

However, possibly owing to the small number of fragments that were found, the previous study did not check if the damage pattern matched that expected for ancient DNA. Now, Weiß et al. have developed a new computational method that tests whether DNA shows a typically ancient, or typically modern, pattern of C-to-T substitutions. When this test was used to assess the wheat sequences that were previously claimed to have ancient origins, it revealed that their pattern of DNA damage did not fit statistically with those of ancient DNA.

Weiß et al.'s findings contest those of the earlier study, and suggest that the new statistical method could be used to authenticate ancient DNA even when the number of available sequences is low.
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      Introduction

    

  
      The evolutionary reconstruction of the past has been greatly enriched by direct interrogation of ancient DNA (aDNA) from plants and animal remains (Shapiro and Hofreiter, 2014). Although a vast proportion of flora and fauna do not fossilize, traces of their DNA may be preserved in sediments allowing the characterization of past biodiversity (Pedersen et al., 2015). A challenge to exploiting such resources is the ubiquitous threat of contamination with exogenous DNA. Therefore, special sample preparation procedures have been developed to reduce DNA contamination (Cooper and Poinar, 2000). Nevertheless, it remains difficult to estimate how well preventive measures work. If contamination is a possible explanation for the result, it is crucial to exclude this possibility by giving positive evidence for the authenticity of aDNA (Prüfer and Meyer, 2015). Fortunately, a large number of full-length DNA sequences can be generated using next generation sequencing, which allows for the authentication of aDNA. In aDNA an excess of C-to-T (cytosine to thymine) substitutions occur at the 5′ and 3′ ends of molecules (or its mirror image G-to-A (guanine to adenine) at the 3′ end, depending on the library protocol employed). When considering the 5′ end of sequences, the excess of C-to-T substitutions is highest at the first base and decreases exponentially towards the center (Figure 1A). This pattern is the result of cytosine deamination to uracil in single stranded overhangs (Briggs et al., 2007). Since it is present in aDNA-derived sequences but absent in much younger samples, it has been used as an authentication criterion in aDNA experiments (Krause et al., 2010; Prüfer and Meyer, 2015).
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                  Patterns of cytosine to thymine (C-to-T) substitutions at the 5′end of known modern and ancient DNA.

                
                
                (A) C-to-T substitutions at the 5′ end from a whole library of historic Solanum tuberosum (ancient DNA). The line shows the fit with the exponential distribution and the box the goodness-of-fit p-value. (B) C-to-T substitutions at the 5′ end from a whole library of present-day Triticum aestivum (modern DNA). Line and box as in (A).
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Smith et al. analyzed sediments from Bouldnor Cliff, a submerged archeological site in the United Kingdom, and suggested the presence of domesticated wheat 8000 years ago based on sedimentary ancient DNA (sedaDNA). This is 2000 years earlier than expected based on archeological remains in the British Isles and 400 years earlier than in nearby European sites (reviewed in Smith et al.). Since Smith et al. did not find wheat pollen or archeological remains associated with wheat cultivation, they conclude that the wheat presence in Bouldnor Cliff was the result of trading.

In total they produced ∼72 million Illumina reads, of which they robustly assigned 152 to wheat (Triticum), with dozens more (160 reads) to higher taxonomic ranks that include wheat. Smith et al. took state-of-the art preventive measures to avoid contamination and exercised great effort to ensure the accuracy and robustness of their phylogenetic assignments. The authors attempted to authenticate the aDNA molecules based on the expected excess of C-to-T substitutions, but because of the very small number of reads assigned to wheat, they failed to do so using standard approaches. As a result of that, the authors did not present any positive evidence for the ancient origin of their reads. Here we present an approach that compares the pattern of C-to-T substitutions in a set of test reads with the distributions of C-to-T substitutions in reads from known ancient- and modern-DNA and apply this approach to sedaDNA from Smith et al.






  





                
                    

    
      Results and discussion

    

  
      Although the excess of C-to-T substitutions at the 5′ end occurs at different magnitudes in samples of different ages, the exponential increase of substitutions towards the end is a ubiquitous pattern in aDNA studies (Sawyer et al., 2012). In order to score the presence of this pattern in various datasets, we fitted an exponential function and evaluated the goodness of fit by using a one-sided t-test to test for significant exponential decay. As expected, true aDNA libraries show significant goodness-of-fit p-values (Figure 1A), whereas non-significant goodness-of-fit p-values, neither decay nor growth, are observed in libraries derived from modern DNA (Figure 1B). A given C-to-T damage pattern plot can thus be summarized by its goodness-of-fit p-value that when it is significant indicates C-to-T exponential decay at the 5′ end (Figure 1A).

We resampled (with replacement) 10,000 sets of 150 sequences from a library of historic Solanum tuberosum collected in 1846 (Yoshida et al., 2013a). The number was selected to be comparable to the 152 reads that Smith et al. assigned to wheat. An empirical distribution of goodness-of-fit p-values was generated by performing the goodness-of-fit test for each subsample (Figure 2A). When we evaluate the sedaDNA goodness-of-fit p-value, we find that it falls within the upper 3% of subsamples with the least good fit. We can therefore reject the null hypothesis that the sequences assigned to wheat are as ancient as the historic S. tuberosum library. We repeated the whole procedure using this time a modern wheat library to generate the distribution of goodness-of-fit p-values (Figure 2A) and find a better match (p = 0.83). Thus, we cannot reject the hypothesis that the sequences assigned to wheat are of modern origin.
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                  Authenticity test of DNA reads assigned to Triticum by Smith et al.

                
                
                (A) The histograms in the center panel show the empirical distributions of goodness-of-fit p-values of subsamples of 150 reads from ancient and modern DNA (same libraries as in Figure 1). The dotted red line indicates the location of the goodness-of-fit p-value from reads assigned to wheat in sedimentary ancient DNA. The four surrounding panels show cytosine to thymine (C-to-T) substitutions at the 5′ end extracted from different point of the goodness-of-fit p-value distributions, and from the reads assigned to wheat in sedimentary ancient DNA. (B) Variation of the empirical p-value of the test depending on the goodness-of-fit p-value of the whole library used to generate the empirical distribution. Numbers adjacent to the points indicate the percentage of C-to-T substitutions at first base. Red arrow indicates the aDNA library used as test in Figure 3A. Purple arrow indicates the library used to generate the empirical distribution of goodness-of-fit p-values in Figure 3A–C.
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We sought to investigate how the test behaves when the empirical distribution of goodness-of-fit p-values is generated from different aDNA libraries. For this purpose we used a set of samples from animal (Sawyer et al., 2012) and plant remains (Yoshida et al., 2013) with an age of 85–170 years before present, and scored the sedaDNA wheat sequences against distributions generated from these libraries (subsamples of 150 sequences again). We observed that the goodness-of-fit p-value for the libraries is positively correlated with the empirical p-value for the sedaDNA wheat sequences tested against them (Figure 2B). Using a significance level of 0.05, we rejected the hypothesis that the wheat sequences are of ancient origin with 7 out of 13 libraries used in our test (Figure 2B). Thus, the purportedly 8000-year old wheat sequences show a less pronounced deamination pattern than many plant and animal samples with an age of less of 200 years. Finally, we took a less conservative approach and scored the sedaDNA against a distribution of goodness-of-fit p-values (subsamples of 150 read) generated from a 7000-years-old human Mesolithic sample from la Braña site in Northern Iberia (Olalde et al., 2014). La Braña is a site with cold environment and stable thermal conditions that has yielded exceptionally well conserved human fossils with ∼50% of human endogenous DNA that reach a ∼15% C-to-T substitution rate at the 5′ end (Olalde et al., 2014a) (Figure 2—figure supplement 1). We could reject the null hypothesis that the sedaDNA reads are as ancient as the sample from la Braña (p = 0.0014), a sample that is closer in time with the allegedly 8000-year-old wheat reads (Figure 2—figure supplement 2). It is worth pointing out that almost all 10,000 subsamples from la Braña had a very low (close to 0) goodness-of-fit p-value, even though we subsample only 150 reads (Figure 2—figure supplement 2).

We assessed the statistical power of the test by testing both an aDNA (Figure 3A) and a modern DNA library (Figure 3B) against a distribution built from a bona fide aDNA library, while varying the number of sampled sequences. Whereas the hypothesis that a true aDNA library is ancient was never rejected (Figure 3A), the hypothesis that a modern library has ancient origin could be rejected only when sufficient number of sequences were used for the subsample test (in tests with more than 300 reads the median empirical p-value was always below 0.05) (Figure 3B).
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                  Evaluation of test performance.

                
                
                (A) Variation of the empirical p-value of the test depending on the number of reads sampled from an ancient DNA library (indicated with red arrow in Figure 2B). (B) Variation of the empirical p-value of the test depending on the numbers of reads subsampled from modern DNA Triticum aestivum library (same library used to generate the distribution of empirical goodness-of-fit p-values in Figure 2A). (C) Variation of the empirical p-value of the test depending on the size of sample sets from sedimentary ancient DNA reads mapped directly to the T. aestivum genome. Box-and-whisker plots were built based on 1000 tests. Layers as reported in Smith et al. i.e. layer 1 (most superficial), layer 4 (more deep).
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Finally, we skipped the phylogenetic curation step applied by Smith et al. to reduce the number of false positive wheat alignments, and mapped all reads sequenced by Smith et al. to the wheat genome. After stringent filtering of sedaDNA mappings we repeated our test varying the size of the subsample sets from 100 to 1000 reads. The empirical p-value was dependent on the number of reads tested, and declined with an increasing number of tested reads for all layers of sediments sequenced in Smith et al (Figure 3C). This pattern resembled the one obtained from a modern DNA library (Figure 3B). As for the phylogenetic curated 152 sequences, we were able to reject the hypothesis that the mapped reads are of ancient origin (mean p-value < 0.05 for all tests with more than 400 reads for layers 1–2 and 4, and 800 reads for layer 3). Our analysis also shows that the 152 sequences after phylogenetic curation are not a biased subsample from the distribution of all wheat-matching sequences.

We were able to reject the hypothesis that the sequences assigned to wheat by Smith et al. are of ancient origin. This is true even when we compared the putative 8000 year old sequences with only century old samples that show much lower deamination signatures. This means that a scenario in which wheat was transported to the Bouldnor Cliff site 8000 years ago is unwarranted. Our approach for authentication of aDNA can be used even with a very small number of sequences, and we hope that it will proof useful to test for positive evidence of authenticity for ancient DNA studies whose conclusions rely heavily on the ancient origin of the analyzed sequences.






  





                
                    

    
      Materials and methods

    

  
      

    
      Read processing for bona fide ancient and modern DNA samples

        Request a detailed protocol
    

  
      Reads from most of the samples were downloaded from the European Nucleotide Archive (Table 1 and Supplementary file 1), with the exception of the Gorilla gorilla reads that were provided directly by the authors (Sawyer et al., 2012). Adapters were trimmed for both paired- and single-end runs using the program Skewer (version 0.1.120) using default parameters (Jiang et al., 2014). For paired-end runs (Supplementary file 1) forward and reverse reads were merged requiring a minimum overlap of 10 base pairs (bp) using the program Flash (version 1.2.11) (Magoc and Salzberg, 2011). Merged or single-end reads were mapped as single-end reads against their respective nuclear or organellar genomes: S. tuberosum nuclear genome (Potato Genome Sequencing Consortium et al., 2011), Solanum lycopersicum nuclear genome (The Tomato Genome Consortium, 2012), Triticum aestivum nuclear genome (International Wheat Genome Sequencing C, 2014), G. gorilla mitochondrial genome (Xu and Arnason, 1996), Homo sapiens nuclear genome (Genome Reference Consortium Human Build 37). The mapping was carried out using BWA-MEM (version 0.7.10) with default parameters, which include a minimum read length of 30 bp (Li, 2013). PCR duplicates were removed after mapping using bam-rmdup (available at https://github.com/udo-stenzel/biohazard), which computes a consensus sequence for each cluster of duplicated sequences. Alignments were stored in the bam format (Li et al., 2009).
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                    https://doi.org/10.7554/eLife.10005.008
                      
                  
          
              
          
          
          
              
              
              
                  
              
                    	Species	Type of DNA	Age	Reference	Study ID	Sample/run ID
	Metagenomics sample	Sedimentary	8030-7908*	Smith et al., 2015	PRJEB6766‡	ERR567364‡
	Metagenomics sample	Sedimentary	8030-7908*	Smith et al., 2015	PRJEB6766‡	ERR567365‡
	Metagenomics sample	Sedimentary	8030-7908*	Smith et al., 2015	PRJEB6766‡	ERR567366‡
	Metagenomics sample	Sedimentary	8030-7908*	Smith et al., 2015	PRJEB6766‡	ERR567367‡
	Metagenomics sample	Sedimentary	8030-7908*	Smith et al., 2015	PRJEB6766‡	ERR732642‡
	T. aestivum	Modern	NA	Chapman et al., 2015	PRJNA250383‡	SRR1170664‡
	S. tuberosum	Ancient	135†	Yoshida et al., 2013	PRJEB1877‡	ERR267886‡
	S. tuberosum	Ancient	137†	Yoshida et al., 2013	PRJEB1877‡	ERR267882‡
	S. tuberosum	Ancient	149†	Yoshida et al., 2013	PRJEB1877‡	ERR330058‡
	S. tuberosum	Ancient	165†	Yoshida et al., 2013	PRJEB1877‡	ERR267872‡
	S. tuberosum	Ancient	166†	Yoshida et al., 2013	PRJEB1877‡	ERR267868‡
	S. tuberosum	Ancient	166†	Yoshida et al., 2013	PRJEB1877‡	ERR957324‡
	S. tuberosum	Ancient	167†	Yoshida et al., 2013	PRJEB1877‡	ERR267868‡
	S. lycopersicum	Ancient	136†	Yoshida et al., 2013	PRJEB1877‡	ERR267884‡
	S. lycopersicum	Ancient	139†	Yoshida et al., 2013	PRJEB1877‡	ERR267878‡
	G. gorilla	Ancient	83†	Sawyer et al., 2012	NA	107¶
	G. gorilla	Ancient	100†	Sawyer et al., 2012	NA	109¶
	G. gorilla	Ancient	100†	Sawyer et al., 2012	NA	110¶
	G. gorilla	Ancient	103†	Sawyer et al., 2012	NA	114¶
	Homo sapiens	Ancient	7000*	Olalde et al., 2014	PRJNA230689‡	SRR1045127


              
                  

              
              
              
                  	
                        *

                        B.P. (before present years).



                      
	
                        †

                        Calculated from collection date (in years).



                      
	
                        ‡

                        IDs from the European Nucleotide Archive.



                      
	
                        ¶

                        IDs from Sawyer et al., 2012.



                      


              
              
              

          
          
    
    
    






  





    
      Read processing for sedimentary DNA from Smith et al., 2015a

        Request a detailed protocol
    

  
      We used two different approaches to process the reads from sedimentary DNA (Smith et al., 2015).

Phylogenetic curated reads: we used a set of 152 reads assigned to tribe Triticeae and to genus Triticum by Smith et al. after phylogenetic curation. However, we consider the complete sequence and do not exclude the initial 10 nucleotides as was done in the original processing (Smith et al., 2015). Reads were then aligned to the wheat genome as described above.

All sedimentary DNA reads: we aligned independently reads from all four layers sequenced by Smith et al. to the T. aestivum nuclear genome (International Wheat Genome Sequencing C, 2014). Duplicates were removed and only alignments with mapping quality greater or equal than 30 were used for further analysis. Additionally, we include a sequence complexity filter based on entropy, which removed low complexity reads with entropy less or equal to 50. The entropy filtering was carried out with prinseq-lite (version 0.20.4) (Schmieder and Edwards, 2011).






  





    
      Exponential function fitting and calculation of goodness-of-fit p-value

        Request a detailed protocol
    

  
      For each set of aligned reads (complete libraries or subsamples) the C-to-T substitutions patterns along the 5′ end of the read were assessed using the program PMDtools (Skoglund et al., 2014). We fitted an exponential function to the frequency of C-to-T substitutions for the first 20 nucleotides at the 5′ end. The fitting was performed in R (http://www.r-project.org) using the nls function, which determines the nonlinear least squares estimates of the parameters in a nonlinear model. The fitting was carried out with the model formula: y ∼ N∗exp(−rate∗x). From the nls fitting we obtained the t-value and degrees of freedom for the rate parameter and then calculated a goodness-of-fit p-value by using a one-sided t-test.






  





    
      Generation of empirical distributions of goodness-of-fit p-values

        Request a detailed protocol
    

  
      Subsets of different alignment numbers were randomly sampled (with replacement) 10,000 times from alignments stored in the bam format (Li et al., 2009). The random sampling was performed using samtools view (Li et al., 2009). For every subset of alignments we assessed the fraction of C-to-T substitutions, fitted an exponential function and calculated a goodness-of-fit p-value as explained above.






  





    
      Calculation of test empirical p-value

        Request a detailed protocol
    

  
      Phylogenetic curated reads: we compare the goodness-of-fit p-value of our test set of 152 sedimentary DNA reads with distributions of goodness-of-fit p-values generated from bona fide modern and ancient DNA. For the distribution of goodness-of-fit p-values from aDNA, we count how many of them are equal or greater than the sedimentary DNA goodness-of-fit p-value. To calculate the empirical p-value of the test we subsequently divided this number by the total number of values in the empirical distribution. With this approach we test the null hypothesis that the test set of reads contains a signal of ancient DNA damage that is comparable or even more pronounced than the signal in the aDNA library used to generate the empirical distribution of goodness-of-fit p-values.

For the distribution of goodness-of-fit p-values from modern DNA, we count how many of them were smaller or equal than the sedimentary DNA goodness-of-fit p-value. We calculate the empirical p-value of the test by dividing this number by the total number of p-values in the empirical distributions. With this approach we test the null hypothesis that the test set of reads matches the absence of ancient DNA damage patterns seen in reads of modern origin.

All sedimentary DNA reads: We tested independently alignments from each of the layers sequenced by Smith et al. using a bona fide aDNA sample for the generation of the distribution of goodness-of-fit p-values. For each layer we tested 10 sets of different numbers of reads (from 100 to 1000 reads, with increments of 100 reads). For each layer and for each number of reads in the test set we repeated the test and calculated the empirical p-value 1000 times as described above.

Other ancient DNA and modern DNA libraries were tested using the same procedure.






  








  





                
                    
  Add a comment
  + Open annotations. The current annotation count on this page is being calculated.



                
                    

    
      Data availability

    

  
      
  The following previously published data sets were used


	
      
          	
                Smith O
	
                Momber G
	
                Bates R
	
                Garwood P
	
                Fitch S
	
                Pallen M
	
                Gaffney V
	
                Allaby RG


          (2015)
      
      
      
            Shotgun metagenomic study of sedimentary ancient DNA (sedaDNA), from four strata of sediment core taken from an Bouldner Cliff, a submarine archaeological site in the Solent. Dates of
      
      
      
          Publicly available at the EBI European Nucleotide Archive (Accession no: PRJEB6766).

      
      
      
            
              http://www.ebi.ac.uk/ena/data/view/PRJEB6766
            

      
      
      
      

    
	
      
          	
                Chapman JA
	
                Mascher M
	
                Buluç A
	
                Barry K
	
                Georganas E
	
                Session A
	
                Strnadova V
	
                Jenkins J
	
                Sehgal S
	
                Oliker L
	
                Schmutz J
	
                Yelick KA
	
                Scholz U
	
                Waugh R
	
                Poland JA
	
                Muehlbauer GJ
	
                Stein N
	
                Rokhsar DS


          (2015)
      
      
      
            Triticum aestivum strain:SynOpDH Genome sequencing
      
      
      
          Publicly available at the EBI European Nucleotide Archive (Accession no: PRJNA250383).

      
      
      
            
              http://www.ebi.ac.uk/ena/data/view/PRJNA250383
            

      
      
      
      

    
	
      
          	
                Yoshida K
	
                Schuenemann VJ
	
                Cano LM
	
                Pais M
	
                Mishra B
	
                Sharma R
	
                Lanz C
	
                Martin FN
	
                Kamoun S
	
                Krause J
	
                Thines M
	
                Weigel D
	
                Burbano HA


          (2013)
      
      
      
            Resequencing Solanaceae (Potato and Tomato) 19th century samples
      
      
      
          Publicly available at the EBI European Nucleotide Archive (Accession no: PRJEB1877).

      
      
      
            
              http://www.ebi.ac.uk/ena/data/view/PRJEB1877
            

      
      
      
      

    
	
      
          	
                Sawyer S
	
                Krause J
	
                Guschanski K
	
                Savolainen V
	
                Pääbo S


          (2012)
      
      
      
            Temporal Patterns of Nucleotide Misincorporations and DNA Fragmentation in Ancient DNA
      
      
      
          Publicly available at the Plos One (Accession no:0034131).

      
      
      
            
              http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0034131
            

      
      
      
      

    
	
      
          	
                Olalde I
	
                Allentoft ME
	
                Sanchez-Quinto F
	
                Santpere G
	
                Chiang CW
	
                DeGiorgio M
	
                Prado-Martinez J
	
                Rodríguez JA
	
                Rasmussen S
	
                Quilez J
	
                Ramírez O
	
                Marigorta UM
	
                Fernandez-Callejo M
	
                Prada ME
	
                Encinas JM
	
                Nielsen R
	
                Netea MG
	
                Novembre J
	
                Sturm RA
	
                Sabeti P
	
                Marques-Bonet T
	
                Navarro A
	
                Willerslev E
	
                Lalueza-Fox C


          (2014)
      
      
      
            Illumina HiSeq 2000 sequencing; Whole genome sequencing of the La Brana 1 sample, AmpliTaqGold library
      
      
      
          Publicly available at the EBI European Nucleotide Archive (Accession no: SRR1045127).

      
      
      
            
              http://www.ebi.ac.uk/ena/data/view/SRR1045127
            

      
      
      
      

    







  





                
                    

    
      References

    

  
      	
      
          	
                Briggs AW
	
                Stenzel U
	
                Johnson PL
	
                Green RE
	
                Kelso J
	
                Prüfer K
	
                Meyer M
	
                Krause J
	
                Ronan MT
	
                Lachmann M
	
                Pääbo S


          (2007)
      
      
            Patterns of damage in genomic DNA sequences from a Neandertal
      
      
      
      
          Proceedings of the National Academy of Sciences of USA 104:14616–14621.

      
          
              
            https://doi.org/10.1073/pnas.0704665104
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Chapman JA
	
                Mascher M
	
                Buluç A
	
                Barry K
	
                Georganas E
	
                Session A
	
                Strnadova V
	
                Jenkins J
	
                Sehgal SO
	
                liker L
	
                Schmutz J
	
                Yelick KA
	
                Scholz U
	
                Waugh R
	
                Poland JA
	
                Muehlbauer GJ
	
                Stein N
	
                Rokhsar DS


          (2015)
      
      
      
            Triticum aestivum strain: SynOpDH Genome sequencing
      
      
      
          Triticum aestivum strain: SynOpDH Genome sequencing, EBI European Nucleotide Archive, PRJNA250383. http://www.ebi.ac.uk/ena/data/view/PRJNA250383.

      
      
      
            
              http://www.ebi.ac.uk/ena/data/view/PRJNA250383
            

      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Cooper A
	
                Poinar HN


          (2000)
      
      
            Ancient DNA: do it right or not at all
      
      
      
      
          Science 289:1139.

      
          
              
            https://doi.org/10.1126/science.289.5482.1139b
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                International Wheat Genome Sequencing C


          (2014)
      
      
            A chromosome-based draft sequence of the hexaploid bread wheat (Triticum aestivum) genome
      
      
      
      
          Science 345:1251788.

      
          
              
            https://doi.org/10.1126/science.1251788
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Jiang H
	
                Lei R
	
                Ding SW
	
                Zhu S


          (2014)
      
      
            Skewer: a fast and accurate adapter trimmer for next-generation sequencing paired-end reads
      
      
      
      
          BMC Bioinformatics 15:182.

      
          
              
            https://doi.org/10.1186/1471-2105-15-182
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Krause J
	
                Briggs AW
	
                Kircher M
	
                Maricic T
	
                Zwyns N
	
                Derevianko A
	
                Paabo S


          (2010)
      
      
            A complete mtDNA genome of an early modern human from Kostenki, Russia
      
      
      
      
          Current Biology 20:231–236.

      
          
              
            https://doi.org/10.1016/j.cub.2009.11.068
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Li H


          (2013)
      
      
      
      
            Aligning sequence reads, clone sequences and assembly contigs with BWA-MEM

      
      
          arXiv preprint arXiv:13033997.

      
      
      
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Li H
	
                Handsaker B
	
                Wysoker A
	
                Fennell T
	
                Ruan J
	
                Homer N
	
                Marth G
	
                Abecasis G
	
                Durbin R


          (2009)
      
      
            The Sequence Alignment/Map format and SAMtools
      
      
      
      
          Bioinformatics 25:2078–2079.

      
          
              
            https://doi.org/10.1093/bioinformatics/btp352
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Magoc T
	
                Salzberg SL


          (2011)
      
      
            FLASH: fast length adjustment of short reads to improve genome assemblies
      
      
      
      
          Bioinformatics 27:2957–2963.

      
          
              
            https://doi.org/10.1093/bioinformatics/btr507
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Olalde I
	
                Allentoft ME
	
                Sánchez-Quinto F
	
                Santpere G
	
                Chiang CW
	
                DeGiorgio M
	
                Prado-Martinez J
	
                Rodríguez JA
	
                Rasmussen S
	
                Quilez J
	
                Ramírez O
	
                Marigorta UM
	
                Fernández-Callejo M
	
                Prada ME
	
                Encinas JM
	
                Nielsen R
	
                Netea MG
	
                Novembre J
	
                Sturm RA
	
                Sabeti P
	
                Marquès-Bonet T
	
                Navarro A
	
                Willerslev E
	
                Lalueza-Fox C


          (2014a)
      
      
            Derived immune and ancestral pigmentation alleles in a 7,000-year-old Mesolithic European
      
      
      
      
          Nature 507:225–228.

      
          
              
            https://doi.org/10.1038/nature12960
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Olalde I
	
                Allentoft ME
	
                Sanchez-Quinto F
	
                Santpere G
	
                Chiang CW
	
                DeGiorgio M
	
                Prado-Martinez J
	
                Rodríguez JA
	
                Rasmussen S
	
                Quilez J
	
                Ramírez O
	
                Marigorta UM
	
                Fernandez-Callejo M
	
                Prada ME
	
                Encinas JM
	
                Nielsen R
	
                Netea MG
	
                Novembre J
	
                Sturm RA
	
                Sabeti P
	
                Marques-Bonet T
	
                Navarro A
	
                Willerslev E
	
                Lalueza-Fox C


          (2014)
      
      
      
            Illumina HiSeq 2000 sequencing: Whole genome sequencing of the La Brana 1 sample, AmpliTaqGold library
      
      
      
          Illumina HiSeq 2000 sequencing: Whole genome sequencing of the La Brana 1 sample, AmpliTaqGold library, EBI European Nucleotide Archive, SRR1045127. http://www.ebi.ac.uk/ena/data/view/SRR1045127.

      
      
      
            
              http://www.ebi.ac.uk/ena/data/view/SRR1045127
            

      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Pedersen MW
	
                Overballe-Petersen S
	
                Ermini L
	
                Sarkissian CD
	
                Haile J
	
                Hellstrom M
	
                Spens J
	
                Thomsen PF
	
                Bohmann K
	
                Cappellini E
	
                Schnell IB
	
                Wales NA
	
                Carøe C
	
                Campos PF
	
                Schmidt AM
	
                Gilbert MT
	
                Hansen AJ
	
                Orlando L
	
                Willerslev E


          (2015)
      
      
            Ancient and modern environmental DNA
      
      
      
      
          Philosophical Transactions of the Royal Society of London Series B, Biological Sciences 370:20130383.

      
          
              
            https://doi.org/10.1098/rstb.2013.0383
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Potato Genome Sequencing Consortium
	
                Xu X
	
                Pan S
	
                Cheng S
	
                Zhang B
	
                Mu D
	
                Ni P
	
                Zhang G
	
                Yang S
	
                Li R
	
                Wang J
	
                Orjeda G
	
                Guzman F
	
                Torres M
	
                Lozano R
	
                Ponce O
	
                Martinez D
	
                De la Cruz G
	
                Chakrabarti SK
	
                Patil VU
	
                Skryabin KG
	
                Kuznetsov BB
	
                Ravin NV
	
                Kolganova TV
	
                Beletsky AV
	
                Mardanov AV
	
                Di Genova A
	
                Bolser DM
	
                Martin DM
	
                Li G
	
                Yang Y
	
                Kuang H
	
                Hu Q
	
                Xiong X
	
                Bishop GJ
	
                Sagredo B
	
                Mejía N
	
                Zagorski W
	
                Gromadka R
	
                Gawor J
	
                Szczesny P
	
                Huang S
	
                Zhang Z
	
                Liang C
	
                He J
	
                Li Y
	
                He Y
	
                Xu J
	
                Zhang Y
	
                Xie B
	
                Du Y
	
                Qu D
	
                Bonierbale M
	
                Ghislain M
	
                Herrera Mdel R
	
                Giuliano G
	
                Pietrella M
	
                Perrotta G
	
                Facella P
	
                O'Brien K
	
                Feingold SE
	
                Barreiro LE
	
                Massa GA
	
                Diambra L
	
                Whitty BR
	
                Vaillancourt B
	
                Lin H
	
                Massa AN
	
                Geoffroy M
	
                Lundback S
	
                DellaPenna D
	
                Buell CR
	
                Sharma SK
	
                Marshall DF
	
                Waugh R
	
                Bryan GJ
	
                Destefanis M
	
                Nagy I
	
                Milbourne D
	
                Thomson SJ
	
                Fiers M
	
                Jacobs JM
	
                Nielsen KL
	
                Sønderkær M
	
                Iovene M
	
                Torres GA
	
                Jiang J
	
                Veilleux RE
	
                Bachem CW
	
                de Boer J
	
                Borm T
	
                Kloosterman B
	
                van Eck H
	
                Datema E
	
                Hekkert BT
	
                Goverse A
	
                van Ham RC
	
                Visser RG


          (2011)
      
      
            Genome sequence and analysis of the tuber crop potato
      
      
      
      
          Nature 475:189–195.

      
          
              
            https://doi.org/10.1038/nature10158
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Prüfer K
	
                Meyer M


          (2015)
      
      
            Comment on “Late Pleistocene human skeleton and mtDNA link Paleoamericans and modern Native Americans”
      
      
      
      
          Science 347:835.

      
          
              
            https://doi.org/10.1126/science.1260617
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Sawyer S
	
                Krause J
	
                Guschanski K
	
                Savolainen V
	
                Paabo S


          (2012)
      
      
            Temporal patterns of nucleotide misincorporations and DNA fragmentation in ancient DNA
      
      
      
      
          PLOS ONE 7:e34131.

      
          
              
            https://doi.org/10.1371/journal.pone.0034131
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Schmieder R
	
                Edwards R


          (2011)
      
      
            Quality control and preprocessing of metagenomic datasets
      
      
      
      
          Bioinformatics 27:863–864.

      
          
              
            https://doi.org/10.1093/bioinformatics/btr026
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Shapiro B
	
                Hofreiter M


          (2014)
      
      
            A paleogenomic perspective on evolution and gene function: new insights from ancient DNA
      
      
      
      
          Science 343:1236573.

      
          
              
            https://doi.org/10.1126/science.1236573
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Skoglund P
	
                Northoff BH
	
                Shunkov MV
	
                Derevianko AP
	
                Paabo S
	
                Krause J
	
                Jakobsson M


          (2014)
      
      
            Separating endogenous ancient DNA from modern day contamination in a Siberian Neandertal
      
      
      
      
          Proceedings of the National Academy of Sciences of USA 111:2229–2234.

      
          
              
            https://doi.org/10.1073/pnas.1318934111
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Smith O
	
                Momber G
	
                Bates R
	
                Garwood P
	
                Fitch S
	
                Pallen M
	
                Gaffney V
	
                Allaby RG


          (2015a)
      
      
            Sedimentary DNA from a submerged site reveals wheat in the British Isles 8000 years ago
      
      
      
      
          Science 347:998–1001.

      
          
              
            https://doi.org/10.1126/science.1261278
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Smith O
	
                Momber G
	
                Bates R
	
                Garwood P
	
                Fitch S
	
                Pallen M
	
                Gaffney V
	
                Allaby RG


          (2015)
      
      
      
            Dates of Shotgun metagenomic study of sedimentary ancient DNA (sedaDNA), from four strata of sediment core taken from an Bouldner Cliff, a submarine archaeological site in the Solent
      
      
      
          Dates of Shotgun metagenomic study of sedimentary ancient DNA (sedaDNA), from four strata of sediment core taken from an Bouldner Cliff, a submarine archaeological site in the Solent, EBI European Nucleotide Archive, PRJEB6766. http://www.ebi.ac.uk/ena/data/view/PRJEB6766.

      
      
      
            
              http://www.ebi.ac.uk/ena/data/view/PRJEB6766
            

      
      
          	
            Google Scholar
          


      

    
	
      
          	
                The Tomato Genome Consortium


          (2012)
      
      
            The tomato genome sequence provides insights into fleshy fruit evolution
      
      
      
      
          Nature 485:635–641.

      
          
              
            https://doi.org/10.1038/nature11119
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Xu X
	
                Arnason U


          (1996)
      
      
            A complete sequence of the mitochondrial genome of the western lowland gorilla
      
      
      
      
          Molecular Biology and Evolution 13:691–698.

      
          
              
            https://doi.org/10.1093/oxfordjournals.molbev.a025630
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Yoshida K
	
                Schuenemann VJ
	
                Cano LM
	
                Pais M
	
                Mishra B
	
                Sharma R
	
                Lanz C
	
                Martin FN
	
                Kamoun S
	
                Krause J
	
                Thines M
	
                Weigel D
	
                Burbano HA


          (2013a)
      
      
            The rise and fall of the Phytophthora infestans lineage that triggered the Irish potato famine
      
      
      
      
          eLife 2:e00731.

      
          
              
            https://doi.org/10.7554/eLife.00731
              
          
      
      
          	
            Google Scholar
          


      

    
	
      
          	
                Yoshida K
	
                Schuenemann VJ
	
                Cano LM
	
                Pais M
	
                Mishra B
	
                Sharma R
	
                Lanz C
	
                Martin FN
	
                Kamoun S
	
                Krause J
	
                Thines M
	
                Weigel D
	
                Burbano HA


          (2013)
      
      
      
            Resequencing Solanaceae (Potato and Tomato) 19th century samples
      
      
      
          Resequencing Solanaceae (Potato and Tomato) 19th century samples, EBI European Nucleotide Archive, PRJEB1877. http://www.ebi.ac.uk/ena/data/view/PRJEB1877.

      
      
      
            
              http://www.ebi.ac.uk/ena/data/view/PRJEB1877
            

      
      
          	
            Google Scholar
          


      

    







  





                
                    

    
      Decision letter

    

  
      
    	
          
            
          
              Joseph K Pickrell

              Reviewing Editor; New York Genome Center & Columbia University,, United States

            

          

        


  eLife posts the editorial decision letter and author response on a selection of the published articles (subject to the approval of the authors). An edited version of the letter sent to the authors after peer review is shown, indicating the substantive concerns or comments; minor concerns are not usually shown. Reviewers have the opportunity to discuss the decision before the letter is sent (see review process). Similarly, the author response typically shows only responses to the major concerns raised by the reviewers.





Thank you for submitting your work entitled “Assessing ancient DNA authenticity with low-coverage data: a case study of wheat in the British Isles 8,000 years ago” for peer review at eLife. Your submission has been favorably evaluated by Mark McCarthy (Senior Editor) and three reviewers, one of whom is a member of our Board of Reviewing Editors.

The reviewers have discussed the reviews with one another and the Reviewing Editor has drafted this decision to help you prepare a revised submission.

The authors use an approach based on testing whether C-to-T damage patterns seen in degraded DNA fits a model of exponential decay from sequence termini in order to test a recent claim of 8,000 year old wheat DNA at a submerged site in Britain (Smith et al. 2015, Science).

Essential revisions:

The reviewers identified two additional analyses that they considered essential:

1) The authors should show visually the damage patterns in the reads from Smith et al.; even if this plot is noisy, it will provide some visual sense of the data.

2) The authors should provide some analysis of whether their results are robust to the choice of aligner. BWA-MEM uses extensive soft-clipping, which distorts patterns of damage. The authors should consider BWA-ALN/samse as an alternative.

Other reviewer comments below are provided as suggestions but need not be addressed in a revision.

Reviewer #1:

In this paper, the authors critically assess a claim from Smith et al. that wheat was present in the UK 8,000 years before present. Specifically, they argue that the sequencing reads claimed to come from ancient wheat samples in this study are instead most likely to be modern contaminants based on patterns of DNA damage.

1) The Smith et al. claim is based on 152 sequencing reads, and so the authors here have little to work with. However, they claim that the expected exponential increase in C->T substitutions in these reads is not present. It would have been nice to see the patterns of DNA degradation of these reads visually, rather than it being summarized by the p-value from their test. Why do the authors not show a figure like Figure 1A, except using the 152 reads from Smith et al? This would be extremely useful for visually determining if the expected damage patterns are present (even if the plot is extremely noisy due to small numbers of reads). The authors could show the pattern from the empirical data superimposed on damage patterns in their subsampled ancient and modern libraries.

Reviewer #2:

Weiß et al. develop a pipeline to assess the authenticity of results of analyses of ancient sedimentary DNA, and use this pipeline to test recently published results. Such a pipeline is a useful tool for ancient sedimentary analyses, and is likely to be widely adopted in the field. I found the paper to be well written and straightforward. I have only one major query.

The authors choose to use BWA-MEM for alignment, which may not be the most appropriate aligner for this test and is likely to affect the results. This aligner (BWA-MEM) performs a lot of soft-clipping (unless the settings were modified from default, in which case the authors should state this), which causes two major issues. First, it makes misincorporation profiles unreliable. Second, it can cause a lot of random mapping. I strongly recommend the authors re-run these analyses using a more appropriate aligner, e.g. BWA-ALN/samse.
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      Author response

    

  
      Essential revisions:

The reviewers identified two additional analyses that they considered essential:

1) The authors should show visually the damage patterns in the reads from Smith et al.; even if this plot is noisy, it will provide some visual sense of the data.

We thank the reviewers for the suggestion and agree that visualizing the damage patterns of the 152 reads assigned to Triticum by Smith et al. will facilitate the understanding of our analysis. We have modified Figure 1 and split it in two figures. In the new Figure 1 we have kept panels A and B, whereas in new Figure 2 we have original panels C and D. The new panel 2A now includes damage patterns from Smith et al. and also from different parts of the distributions of goodness-of-fit p-values of known ancient and modern DNA. We believe that the new figures provide an intuitive visual counterpart to different goodness-of-fit p-values.

2) The authors should provide some analysis of whether their results are robust to the choice of aligner. BWA-MEM uses extensive soft-clipping, which distorts patterns of damage. The authors should consider bwa aln/samse as an alternative.

We appreciate this very helpful comment and have performed a series of analyses to address it.

First we evaluate the amount of soft-clipping included in our BWA-MEM mapped reads. The percentage of mapped reads that are soft-clipped was very small for the reads assigned to Triticum in Smith et al. (5.4%), for the potato library reads used as known ancient DNA (aDNA) library (5.9%), and for the wheat library reads used as known modern DNA library (4%). Since our known aDNA library is affected by soft-clipping to a similar degree as the Smith et al. dataset, we do not expect a bias against an ancient signal. Nevertheless, we have repeated all analyses in an alternative approach using the software “PMDtools”, which handles soft-clipping by disregarding soft-clipped bases when estimating C-to-T damage patterns. Results were consistent using the two methods; in the manuscript we now report results based on “PMDtools”.

Second, we repeated the analysis by aligning all datasets with BWA-ALN using sensitive parameters that have been previously used for aDNA (no seed (–l 16500), allow more mismatches (–n 0.01) and allow up to two gap open events (–o 2)). Whereas we could map all 152 reads assigned to Triticum by Smith et al. to the Triticum aestivum reference genome using BWA-MEM, we could only map 78% of these reads (108 reads) using BWA-ALN (in Smith et al. reads were aligned using BLAST). We also aligned only a fraction of reads with BWA-ALN from the ancient potato (96%) and modern wheat libraries (73%). Despite this bias we found that the distribution of goodness-of-fit p-values from the known potato aDNA library with BWA-ALN resembled the distribution created with BWA-MEM (Author response image 1A). However, the wheat test dataset is not significantly different from the ancient potato reads (P=0.08) (Author response image 1B). This is most likely due to the reduced number of aligned reads; if we subsample 108 reads from the 152 reads in the original wheat dataset (10,000 mapping with BWA-MEM) and repeated the test the result is not significant in ∼48% of the cases.

Third, the result of the test also depends on the known aDNA library used to generate the empirical distribution of goodness-of-fit p-values. We took a rather conservative approach by using a S. tuberosum library that is only 169 year old, while the putative wheat reads from Smith et al. are claimed to be 8000 year old. Consequently, we have added a new analysis, where we used as known aDNA library from a 7.000-year-old Mesolithic human from La Braña site in Northern Iberia. We could again reject the null hypothesis that the test set of wheat reads are as ancient as the human fossil from La Braña (P=0.0014) (Figure 2–figure supplement 2). The distribution of goodness-of-fit p-values from La Braña shows that C-to-T signal is present in almost all subsamples of 150 alignments. The empirical p-values were significant independent on the choice of the aligner (Author response image 2).
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                  Effect of aligner choice on the distribution of goodness-of-fit p-values and on the authenticity test.

                
                
                (A) Empirical distributions of goodness-of-fit p-values of subsamples of 150 reads from a 169-years-old Solanum tuberosum library. Reads were mapped using BWA-MEM and BWA-ALN. (B) Authenticity test of DNA reads assigned to Triticum by Smith et al. using same empirical distributions as in A. The dotted lines indicate the location of the goodness-of-fit p-value from reads assigned to wheat in sedimentary ancient DNA. The box encloses the empirical p-values of the authenticity tests.
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                  Effect of aligner choice on the distribution of goodness-of-fit p-values and on the authenticity test.

                
                
                (A) Empirical distributions of goodness-of-fit p-values of subsamples of 150 reads from a 7000-years-old human Mesolithic sample. Reads were mapped using BWA-MEM and BWA-ALN. To have a better visualization the y-axis is shown in a logarithmic scale. (B) Authenticity test of DNA reads assigned to Triticum by Smith et al. using same empirical distributions as in A. The dotted lines indicate the location of the goodness-of-fit p-value from reads assigned to wheat in sedimentary ancient DNA. The box enclosed the empirical p-values of the authenticity tests.
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                Most eukaryotic genes undergo alternative splicing (AS), but the overall functional significance of this process remains a controversial issue. It has been noticed that the complexity of organisms (assayed by the number of distinct cell types) correlates positively with their genome-wide AS rate. This has been interpreted as evidence that AS plays an important role in adaptive evolution by increasing the functional repertoires of genomes. However, this observation also fits with a totally opposite interpretation: given that ‘complex’ organisms tend to have small effective population sizes (Ne), they are expected to be more affected by genetic drift, and hence more prone to accumulate deleterious mutations that decrease splicing accuracy. Thus, according to this ‘drift barrier’ theory, the elevated AS rate in complex organisms might simply result from a higher splicing error rate. To test this hypothesis, we analyzed 3496 transcriptome sequencing samples to quantify AS in 53 metazoan species spanning a wide range of Ne values. Our results show a negative correlation between Ne proxies and the genome-wide AS rates among species, consistent with the drift barrier hypothesis. This pattern is dominated by low abundance isoforms, which represent the vast majority of the splice variant repertoire. We show that these low abundance isoforms are depleted in functional AS events, and most likely correspond to errors. Conversely, the AS rate of abundant isoforms, which are relatively enriched in functional AS events, tends to be lower in more complex species. All these observations are consistent with the hypothesis that variation in AS rates across metazoans reflects the limits set by drift on the capacity of selection to prevent gene expression errors.
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                Phenotypic plasticity facilitates organismal invasion of novel environments, and the resultant phenotypic change may later be modified by genetic change, so called ‘plasticity first.’ Herein, we quantify gene expression plasticity and regulatory adaptation in a wild bird (Eurasian Tree Sparrow) from its original lowland (ancestral stage), experimentally implemented hypoxia acclimation (plastic stage), and colonized highland (colonized stage). Using a group of co-expressed genes from the cardiac and flight muscles, respectively, we demonstrate that gene expression plasticity to hypoxia tolerance is more often reversed than reinforced at the colonized stage. By correlating gene expression change with muscle phenotypes, we show that colonized tree sparrows reduce maladaptive plasticity that largely associated with decreased hypoxia tolerance. Conversely, adaptive plasticity that is congruent with increased hypoxia tolerance is often reinforced in the colonized tree sparrows. Genes displaying large levels of reinforcement or reversion plasticity (i.e. 200% of original level) show greater genetic divergence between ancestral and colonized populations. Overall, our work demonstrates that gene expression plasticity at the initial stage of high-elevation colonization can be reversed or reinforced through selection-driven adaptive modification.
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                From a cohort of 167 infertile patients suffering from multiple morphological abnormalities of the flagellum (MMAF), pathogenic bi-allelic mutations were identified in the CCDC146 gene. In somatic cells, CCDC146 is located at the centrosome and at multiple microtubule-related organelles during mitotic division, suggesting that it is a microtubule-associated protein (MAP). To decipher the molecular pathogenesis of infertility associated with CCDC146 mutations, a Ccdc146 knock-out (KO) mouse line was created. KO male mice were infertile, and sperm exhibited a phenotype identical to CCDC146 mutated patients. CCDC146 expression starts during late spermiogenesis. In the spermatozoon, the protein is conserved but is not localized to centrioles, unlike in somatic cells, rather it is present in the axoneme at the level of microtubule doublets. Expansion microscopy associated with the use of the detergent sarkosyl to solubilize microtubule doublets suggests that the protein may be a microtubule inner protein (MIP). At the subcellular level, the absence of CCDC146 impacted all microtubule-based organelles such as the manchette, the head–tail coupling apparatus (HTCA), and the axoneme. Through this study, a new genetic cause of infertility and a new factor in the formation and/or structure of the sperm axoneme were characterized.
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