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Abstract 28 

In ancient DNA research, the degraded nature of the samples generally results in poor yields 29 

of highly fragmented DNA, and targeted DNA enrichment is thus required to maximize 30 

research outcomes. The three commonly used methods – (1) array-based hybridization capture 31 

and in-solution capture using either (2) RNA or (3) DNA baits – have different characteristics 32 

that may influence the capture efficiency, specificity, and reproducibility. Here, we compared 33 

their performance in enriching pathogen DNA of Mycobacterium leprae and Treponema 34 

pallidum of 11 ancient and 19 modern samples. We find that in-solution approaches are the 35 

most effective method in ancient and modern samples of both pathogens, and RNA baits usually 36 

perform better than DNA baits. 37 

Method summary 38 

We compared three targeted DNA enrichment strategies used in ancient DNA research for 39 

the specific enrichment of pathogen DNA regarding their efficiency, specificity, and 40 

reproducibility for ancient and modern Mycobacterium leprae and Treponema pallidum 41 

samples. Array-based capture and in-solution capture with RNA and DNA baits were all tested 42 

in three independent replicates. 43 

Main Text 44 

The field of ancient DNA (aDNA), which studies DNA retrieved from paleontological and 45 

archaeological material, was revolutionized by the invention of high-throughput sequencing 46 

(HTS). In combination with HTS, the development of targeted DNA enrichment protocols has 47 

made a crucial contribution in advancing aDNA research during the last decade. 48 
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As DNA decays over time, aDNA is usually only present in trace amounts of highly 49 

fragmented sequences (1, 2, 3). Detecting endogenous pathogen aDNA from archaeological 50 

material is additionally compounded by the larger amount of background DNA from the 51 

environment including soil microorganisms. Furthermore, the background of host DNA in 52 

ancient remains is an additional obstacle in order to obtain ancient pathogen DNA. Shotgun 53 

sequencing of libraries from aDNA extracts to sufficient genomic coverage is, therefore, cost-54 

intensive (4). To circumvent this problem, specific regions of interest such as bacterial 55 

chromosomes, mammalian mitochondrial genomes, or regions with single-nucleotide-56 

polymorphisms (SNP) are often target-enriched before sequencing (4). Aside from its 57 

application in aDNA sequencing, targeted DNA enrichment is also useful to retrieve pathogen 58 

DNA from clinical samples, particularly for infectious agents that are found in low quantities 59 

in the host organism and which are difficult to culture, as is the case for Mycobacterium leprae 60 

and Treponema pallidum. Removal of background DNA prior to sequencing increases the yield 61 

of pathogen DNA, and thus allows valuable information for epidemiologists investigating 62 

outbreaks to be obtained.  63 

For the enrichment of entire bacterial and mammalian chromosomes, there are currently 64 

three methods available, which are based on hybridization capture (5): DNA microarrays (here 65 

represented by SureSelect from Agilent Technologies), in-solution capture with DNA baits 66 

(represented by SureSelect from Agilent Technologies according to Fu and colleagues (6)) and 67 

in-solution capture with RNA baits (here represented by myBaits® from Arbor Biosciences). 68 

In the case of the DNA array-based method, up to a million artificial DNA baits are printed 69 

on the surface of a glass slide (7). Additionally, there is the possibility to perform in-solution 70 

capture with baits cleaved from the glass slides and used right away or immortalized in DNA 71 

bait libraries (6). The second in-solution approach uses up to 100,000 artificial RNA baits. The 72 
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three approaches rely on the hybridization of target fragments to the complementary sequence 73 

of the baits (immobilized or in-solution), which can be levered to wash background DNA away. 74 

To date there has been to our knowledge, no statistical comparison of the performance of all 75 

three methods: microarrays, in-solution capture with DNA baits, and in-solution capture with 76 

RNA baits (6). So far only microarrays and the in-solution capture with DNA baits were 77 

compared for Salmonella enterica and no replicates for statistical assessment were produced 78 

(8). 79 

Here, we present results from the enrichment of modern and ancient samples containing 80 

pathogen DNA, using the three aforementioned approaches. All samples had previously tested 81 

positive but had also shown low amounts of target DNA for M. leprae or T. pallidum 82 

(Supplementary Table 1).  83 

The different enrichment concepts tested were chosen to represent methods as they are 84 

applied in ongoing research and therefore not only differ in the technology used (DNA vs. RNA 85 

baits, immobilized vs. in-solution) but also in the design such as bait length and number of 86 

unique baits, which might have an effect on the performance. 87 

We used eight ancient samples positive for M. leprae and six modern libraries from leprosy 88 

patients that were shown to contain M. leprae DNA (Supplementary Note 1). Genetic data from 89 

the ancient and modern M. leprae samples were previously published in 9 and 10. Samples with 90 

less than 0.6 % endogenous bacterial DNA were selected. 91 

Modern T. pallidum samples (n=13) were previously published in 12 and 13. Three ancient 92 

extracts of T. pallidum were used from 14. The portion of endogenous DNA for the selected 93 

T. pallidum samples was below 0,01 % for ancient and modern samples. 94 

Starting from existing sequencing libraries all three methods were applied with three 95 

independent replicates each (see Figure. 1 and Supplementary Note 1 for a detailed description 96 

of the methods, the newly generated data is available at the Sequence Read Archive under the 97 
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BioProject PRJNA645054). Following the manufacturer’s suggestion for libraries with low 98 

yields of target DNA, we performed two successive rounds of hybridization for all methods. To 99 

investigate the effectiveness of this procedure, we compared results from the first and second 100 

rounds for the in-solution capture with RNA baits. We then evaluated differences in efficiency, 101 

reproducibility, and specificity across the three approaches by calculating mean coverage, 102 

standard deviation of the mean coverage, enrichment factor (calculated by dividing the % of 103 

target DNA after enrichment by the % of target DNA in the shotgun data), and the % of the 104 

genome covered 5-fold or more after normalizing the data of each bacterial species to the same 105 

number of raw reads (Supplementary Tables 2, 3 & 5 and Supplementary Figures 1 & 2). 106 

For most ancient samples, the highest mean coverage (Figure 2A) is reached with the RNA 107 

bait in-solution capture (eight out of eleven, more details can be found in Supplementary Note 108 

2 & 3, and SSupplementary Tables 1 & 2). On average the RNA bait capture results in a 1.5 109 

and 20.0 times higher mean coverage than the DNA bait or the array capture, respectively. As 110 

illustrated in Figure. 2B, the highest enrichment factor is obtained in the RNA bait capture of 111 

ancient T. pallidum DNA (all three samples) and M. leprae (four samples showed best results 112 

for the RNA bait, three for the DNA bait, and one for the array), with values between 2-150x 113 

higher, compared to the other two approaches. An in-solution approach seems, therefore, to be 114 

advantageous for enriching ancient pathogen DNA. 115 

A similar pattern can be observed in the data of the modern M. leprae and T. pallidum 116 

samples (Figures. 2A and 2B) further highlighting the performance of the in-solution approach 117 

in general and RNA baits in particular. 118 

In-solution capture with DNA baits was used with robot-assistance in this study whereas the 119 

in-solution capture with RNA baits was performed in two different labs. Unsurprisingly, the 120 

DNA bait capture showed the smallest differences (2- to 50-fold lower) between the replicates 121 
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whereas the RNA bait capture showed the largest and the DNA array capture was intermediate. 122 

Consistent conditions are therefore crucial for reproducibility. 123 

Another important feature of targeted enrichment is specificity. We estimated the specificity of 124 

the three tested methods by comparing the number of reads specific to either M. leprae or T. 125 

pallidum in comparison to general mycobacterial or treponemal reads, respectively (Figure 2 126 

C). Here, differences between the two pathogens can be observed. In the ancient and modern 127 

T. pallidum samples, the RNA bait capture consistently shows the highest proportion (up to 1.5 128 

times higher) of specific reads. The same trend was observed for the libraries prepared from 129 

recent leprosy patient samples, i.e. modern samples of M. leprae. Only for ancient M. leprae 130 

samples, the DNA bait capture is more specific. The highest percentages of specific reads are 131 

not necessarily found in samples with high percentages of endogenous DNA in the shotgun data 132 

before enrichment. 133 

For ancient and modern samples, due to high efficiency, reproducibility and specificity in-134 

solution approaches are highly recommendable. 135 

Two rounds of hybridization are routinely performed in aDNA research, which is expected to 136 

improve enrichment but may also reduce data complexity in terms of portions of unique reads. 137 

To formally investigate the effect of the second round of capture, we also sequenced the 138 

libraries only enriched with one round of hybridization with the RNA baits and compared the 139 

results to the second round of hybridization. The second round of hybridization resulted in an 140 

increase in the enrichment factor for ancient and modern M. leprae samples (with an average 141 

of 2x increase) as well as for T. pallidum samples (with an average of 17x increase), 142 

demonstrating the utility of such a second round of hybridization capture (Supplementary Table 143 

5). On the other hand, when comparing the library complexity (Figure. 2 D and Supplementary 144 

Note 2 & 3, Supplementary Figure 3), we found a substantial loss of complexity after the second 145 

round of hybridization in all modern and ancient samples. This loss was reflected in the higher 146 
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percentage of unique reads in all the reads mapped after the first round. Therefore, if the portion 147 

of endogenous DNA in a sample is high in the beginning it may be worthwhile considering 148 

whether a single round of capture combined with deeper sequencing is sufficient or even 149 

advantageous. 150 

The three protocols also differ in terms of cost and effort. The most cost-intensive is the array-151 

capture approach (~673 € per sample), which requires additional equipment that is not usually 152 

necessary with the other approaches. The in-solution capture with DNA baits is, by contrast, 153 

cheaper once the baits are cleaved from the glass slide (~56,23€ per sample), but the version 154 

that can be used for the immortalization of the baits by transforming them into a library is not 155 

freely available. The in-solution capture with RNA baits is more comparable to the DNA bait 156 

capture than to the array with ~109 € per sample and it also needs the lowest number of 157 

additional equipment and reagents (Supplementary Table 7). 158 

After a detailed comparison of the three tested methods it can be concluded that for ancient 159 

and modern pathogen samples, the RNA bait capture with two rounds of hybridization seems 160 

to be the most suitable. The generally high performance of the in-solution approach (mainly the 161 

one with RNA baits) for both bacterial species suggests that the findings are highly 162 

representative and comparable performance is also expected for a variety of other 163 

bacterial/microbial organisms. 164 
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 240 

Figure 1. Schematic representation of the workflow. For all samples, the three different 241 

enrichment protocols were tested in three independent replicates. Blue circles indicate the 242 

libraries that were sequenced at each particular step. 243 

.CC-BY 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted July 10, 2020. ; https://doi.org/10.1101/2020.07.09.195065doi: bioRxiv preprint 

https://doi.org/10.1101/2020.07.09.195065
http://creativecommons.org/licenses/by/4.0/


11 
 

 244 

Figure 2. Differences between the three tested protocols in ancient and modern M. 245 

leprae and T. pallidum samples. A) Log-transformed values of the mean coverage. B) log-246 

transformed values of the enrichment factor calculated by dividing the percentage of 247 

endogenous DNA by the percentage of endogenous DNA after shotgun sequencing. C) The 248 

proportion of specific reads corresponding to M. leprae and T. pallidum compared to other 249 

mycobacterial and treponemal reads, respectively. D) Percentage of unique reads calculated by 250 

the number of unique reads divided by the total number of sequences mapped to represent 251 

library complexity in M. leprae and T. pallidum samples. 252 
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