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Tm Mapping

The sequence data for each sample (AA and CAU) were imported into a custom Excel™
workbook for Tm calculations. Each sample was analyzed twice: once using a 200bp sliding
window to cover the entire genome, and a second time using a 25bp sliding window to cover the
genome. The Tm calculation used was based on the equation from Yoon, et al. [34]. The Tm

calculation for DNA oligos takes into account the length of the particular fragment.

Tm = 64.9°C + 41°C x (number of G’s and C’s in the primer - 16.4)/N
Data Analysis

Following the generation of the Tm calculations across each size window, the data were
converted into Tm vs. position graphs, both globally and across each of the 200bp windows. For
the 200bp windows, the temperature for the main fragment was plotted with the varying Tms of
the 25bp fragments that spanned the same positions. This comparison was done for consecutive
200bp sections across the entire mtGenome. In addition, the ATm was calculated for the same

sections and plotted.
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RESULTS AND DISCUSSION

The 200bp and 25bp sizes were selected to mimic two different scenarios one might
encounter with forensic samples. The first being an uncompromised sample where the limiting
factor in the capture reaction would be the length of the baits, which are sheared to approximately
200bp in length. The second scenario would apply to degraded DNA, where the limiting factor on
Tm of the capture reaction would be the length of the fragmented target DNA. If the length of the
fragmented DNA is only 25bp, to use a more extreme example, the size of the baits has little impact
on Tm.

The in silico analysis of the two samples resulted in a comprehensive mapping of the
varying Tm across the entire mtGenome. There is a noticeable difference between the two sizes
studied; the 200bp fragments have a dramatically higher Tm than the 25bp fragments (Table 1).
This difference in Tm between the 200bp and 25bp fragments is expected. Tm is affected by the
length of the target, so a longer segment is more stable and would require a higher temperature to
denature than a shorter fragment. An overview of the difference in base composition between the

two sequences is shown in Table 2.
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Sample Tm (°C)

Average Max Min Spread
AA 200 79.71177 84.703 74.043 10.660
AA 25 56.20964 70.804 39.644 31.160
CAU 200 79.69863 84.908 73.838 11.070
CAU 25 56.19477 70.804 39.644 31.160

Table 1. Average, maximum, and minimum Tm values for each sample (AA and CAU) and across each
fragment size. The spread, or range between the maximum and minimum values, also was calculated for

each sample type.

The notable Tm difference between the fragment sizes indicates that a single protocol may
not be best suited for developing an optimized capture reaction for forensic samples where the
DNA fragments span a range of >200 bp to ~25 bp (Table 1). If the capture assay is selected for

highly degraded DNA, then severe differences in Tm across the mtDNA may impact capture

efficiency for some parts of the mtGenome.

Table 2: Overview of mtGenome sequence composition between individuals AA and CAU. The bold-type

AA CAU
GC Content GC Content
44.45% 44.41%
G 2180 G 2175
A 5112 A 5117
T 4090 T 4092
C 5184 C 5183
Total 16566 Total 16567

indicates the higher of the two values.
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When mapping the global (overall) Tm across each sample it is evident that there is a
substantial difference between the two different fragment sizes (200bp and 25bp). Observing the
trends shown in Figures 3 and 4 (AA and CAU samples, respectively) the Tms for the 200bp
sections are consistently above the 25bp Tms, despite their own sequence and Tm variation across
the genome. As is noted in Table 1, the spread in Tm at each size across the mtGenome of each
individual is fairly substantial; ranging from just over 10°C to about 30°C. It is reasonable to
assume that a temperature fluctuation of 1-2°C could be permitted in a given reaction, yet this
observed variation is far greater than just a few degrees in either direction. It could, therefore,
impact the ability of the capture reaction to proceed under any single set Tm value. Individual
200bp sections across the mtGenome also were analyzed; each 200bp section Tm was mapped
against the range of 25bp fragments that fell within the selected region. Each of these mapped
regions can be found in Appendix A.

An important discovery in this study is that, while the fluctuations in Tm across the genome
for both the AA and CAU may be substantial, they are reasonably consistent between the notably
different mtGenome sequences (Figure 5). The graph in Figure 5 depicts the absolute delta Tm
(ATm), or difference, between the 25bp and 200bp sections. In other words, how much the Tms
of these two size fragments differ from one another for a particular individual is displayed. While
each sample has its own variation in Tm, there does not seem to be a prominent population-specific
difference in the Tm at the positions along the mtGenome for the two populations under

investigation.
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AA 200 and 25bp Fragment Tms Across mtGenome
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Figure 3: Global Tm mapping for sample AA for both size fragments across the entire mtGenome. The 25bp
and 200bp fragments were sliding windows, moving across the entire genome shifting one nucleotide at a
time.
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CAU 200 and 25bp Fragment Tms Across mtGenome
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Figure 4: Global Tm mapping for sample CAU for both size fragments across the entire mtGenome. The
25bp and 200bp fragments were sliding windows, moving across the entire genome sliding one nucleotide
at atime.

In contrast, the absolute ATm values between AA 25bp-CAU 25bp and AA 200bp-CAU
200bp fragments (Figures 6 and 7, respectively), show that there are only a few regions across the
mtGenome where there are inter-individual differences. Most of these differences are less than
1°C, however there are a few regions where the differences are above this level. Tables 3-8 show
regions of highest ATm values for 200bp (Table 3) and 25bp (Table 3 and 4) fragments. Each table

is a collection of multiple 200bp or 25bp sections within a similar region, thus each region may
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span more than 200 or 25bp. An example of the sequence-level variation at a region of high ATm
can be seen in Figure 8.

There is indeed a change in Tm throughout the mtGenome. The capture reaction proposed
runs at a set temperature to allow for the hybridization of the RNA bait probes to their target
sequences. This spread in Tm indicates that the efficiency of the capture reaction cannot be

optimized for every region of the mtGenome.

Abs ATm values between 200bp and 25bp Fragments
for Samples AA and CAU
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Figure 5: Absolute ATm values between the 25-200bp fragments across the entire mtGenome for samples
AA and CAU.
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Absolute ATm Values between AA and CAU

25bp Fragments
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Figure 6: A4Tm between AA 25bp and CAU 25bp fragments mapped across the entire mtGenome.
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Figure 7: ATm between AA 200bp and CAU 200bp fragments mapped across the entire mtGenome.
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Region 16076-16400 | Region 16076-16400
(AA 25/200) (CAU 25/200)
GC Content GC Content

43.96% 45.20%
G 31 G 32
A 110 A 109
T 71 T 68
C 111 C 114
Total 323 Total 323
2A 13 2A 13
2C 16 2C 14
2G 2 2G 3
2T 10 2T 8
3A 5 3A 5
3C 5 3C 7
3G 0 3G 0
3T 2 3T 2
4A 1 4A 1
4C 2 4C 3
4G 0 4G 0
4T 0 4T 0
5A 1 5A 1
5C 1 5C 1
6C 1 6C 1

Table 3: Overview of mtDNA sequence composition between individuals AA and CAU at a region of highest
ATm for both the 200bp and 25bp fragments. The bold-type indicates the higher of the two GC content
values.

AA: ATTGACTCACCCATCAACAACCGCCATGTATTTCGTACATTACTGCCAGCCACCATGAATATTGTACAGTACCATAAATACTTGACCACCTGTAGTACATAAAAACCCAATCCACATCAAAACCCTC-CCCCC-
ATGCTTACAAGCAAGTACAACAATCAACCTTCAACTATCACACATCAGCTGCAACTCCAAAGCCACCCCTCACCCACTAGGATATCAACAAACCTACTCATCCTTAACAGTACATAGCACATAAAGCCATTTACCGTACATAGCACATTACAGTCAAATCCCTTCTTGTCCCCATGGATGACCCCCCTCAG

CAU: ATTGACTCACCCATCAACAACCGCTATGTATTTCGTACATTACTGCCAGCCACCATGAATATTGTACGGTACCATAAATACTTGACCACCTGTAGTACATAAAAACCCAATCCACATCAAAACCCCC-TCCCC-
ATGCTTACAAGCAAGTACAGCAATCAACCCTCAACTATCACACATCAACTGCAACTCCAAAGCCACCCCTCACCCACTAGGATACCAACAAACCTACCCACCCTTAACAGTACATAGTACATAAAGCCATTTACCGTACATAGCACATTACAGTCAAATCCCTTCTCGTCCCCATGGATGACCCCCCTCAG

Figure 8: Sequence comparison between AA (top row) and CAU (bottom row) at region 16076-16400 (see Table 3). Bases in
red differ from one sequence to the other. Dashes indicate a deletion in the sequence in relation to the rCRS reference
standard.
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Region 162-188 Region 162-188 Region 8286-8314 | Region 8286-8314
(AA 25) (CAU 25) (AA 25) (CAU 25)
GC Content GC Content GC Content GC Content
40.74% 48.15% 71.43% 64.29%

G 5 G 5 G 3 G 3
A 9 A 8 A 4 A 4
T 7 T 6 T 4 T 6
C 6 C 8 C 17 C 15
Total 27 Total 27 Total 28 Total 28
2A 1 2A 1 2A 0 2A 0
2C 1 2C 1 2C 0 2C 0
2G 1 2G 1 2G 0 2G 0
2T 2 2T 2 2T 0 2T 0
3A 0 3A 0

3C 1 3C 1

3G 0 3G 0

3T 0 3T 0

4A 0 4A 0

4C 0 4C 1

5C 1 5C 1

6C 1 6C 0

Table 4: Overview of mtDNA base composition between individuals AA and CAU at a region of highest
ATm for the 25bp fragments. Columns below “total” refer to certain homopolymer segments, i.e. 2A means
2 A nucleotides in a row, etc. The bold-type indicates the higher of the two values for the comparison
between AA and CAU, while the highlighted cells indicate differences between the samples in the repeat
segments noted.

The inter-individual differences discovered here may not affect the efficiency of the
reaction when the probe reference is from a different population or haplogroup as the Tm
differences are relatively small (especially compared to those across the mtGenome). However,
HV1 and HV2, as well as any other areas of the genome with a concentration of sequence variants,
may still pose a problem. As mentioned above, an overall optimized reaction seems unlikely. There
are two possible solutions for consideration to overcome these effects. The first would be to
empirically test the reaction to determine, at different temperatures, what regions can be captured

and how informative are these captured products. This approach would involve a delicate balance
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between too high of a stringency reaction, where there would be increased loss of product,
especially of the more variant regions, or using too low of a stringency reaction that could increase
noise in subsequent sequence data, thus reducing the throughput of target sequences. A way to
alleviate some of the effects of the wide range of Tms would be to generate two (or more) different
optimized reaction conditions to accommodate better the higher and lower ends of the Tms
observed herein. The regions showing the maximum and minimum Tm values for each sample and
each fragment size are shown in Tables 5 and 6. In this way the amount of captured product can
be increased without the loss or increased noise that might occur from choosing only one reaction.

Additional information found in Tables 7 and 8 supports the premise that a main factor of
Tm is the underlying sequence structure; the GC content and presence of homopolymeric regions.
This information in conjunction with all of the other data described above emphasizes the fact that
the sequence variation can dramatically change the structure and chemical properties of the regions
across the genome. During an assay such as the capture reaction discussed here, one can control
for reaction conditions, solution content, ion concentrations and other parameters to create the
most optimized reaction situation possible. One thing that cannot be changed or adjusted is the
sequence of the samples. This information shows that this variable requires specific attention when

designing an efficient assay.
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Region 3423-3625

Region 3423-3625

Region 9936-10176

Region 9936-10176

(AA 200bp Max Tm) | (CAU 200bp Max Tm) a0l (El) Artlap [l
m) Tm)
GC Content GC Content GC Content GC Content
56.65% 57.14% 33.20% 32.78%
G 24 G 24 G 29 G 29
A 49 A 49 A 78 A 78
T 39 T 38 T 83 T 84
C 91 C 92 C 51 C 50
Total 203 Total 203 Total 241 Total 241
2A 6 2A 6 2A 13 2A 13
2C 11 2C 11 2C 10 2C 9
2G 4 2G 4 2G 3 2G 3
2T 6 2T 5 2T 11 2T 11
3A 1 3A 1 3A 2 3A 2
3C 4 3C 4 3C 1 3C 1
3G 1 3G 1 3G 1 3G 1
3T 0 3T 0 3T 2 3T 2
4A 2 4A 2 4A 0 4A 0
4C 5 4C 5 4C 0 4C 0
4G 0 4G 0 4G 0 4G 0
4T 0 4T 0 4T 5 4T 5
5A 0 5A 0 5A 1 5A 1
5C 1 5C 1 5C 0 5C 0
5G 0 5G 0 5G 0 5G 0
5T 0 5T 0 5T 0 5T 0
6A 0 6A 0 6A 1 6A 1
6C 1 6C 1 6C 0 6C 0

Table 5: Base composition for regions showing the highest and lowest Tm values for the 200bp fragments
of both the AA and CAU samples. Columns below “total” refer to certain homopolymer segments, i.e. 2A
means 2 A nucleotides in a row, etc. The bold-type under GC Content indicates the higher of the two values
for the comparison between AA and CAU, while the highlighted cells indicate differences between the
samples in the repeat segments noted. Max and min points encompass multiple consecutive regions, thus

the total length is greater than 200bp.
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Region 6575-6601
(AA 25bp Max Tm)

Region 6575-6601
(CAU 25bp Max Tm)

Region 10682-10706
(AA 25bp Max Tm)

Region 10681-10707
(CAU 25bp Max Tm)

GC Content GC Content GC Content GC Content
74.07% 74.07% 76.00% 74.07%
G 9 G 9 G 10 G 11
A 6 A 6 A 4 A 3
T 1 T 1 T 2 T 4
C 11 C 11 C 9 C 9

Total 27 Total 27 Total 25 Total 27
2A 0 2A 0 2A 1 2A 1
2C 1 2C 1 2C 3 2C 3
2G 3 2G 3 2G 2 2G 1
2T 0 2T 0 2T 0 2T 0
3A 0 3A 0 3A 0 3A 0
3C 0 3C 0 3C 0 3C 0
3G 0 3G 0 3G 0 3G 1
3T 0 3T 0 3T 0 3T 0
4A 0 4A 0 4A 0 4A 0
4C 2 4C 2 4C 0 4C 0
7A 0 A 0 TA 0 TA 0

Table 6: Base composition for regions showing the highest Tm values for the 25bp fragments of both the
AA and CAU samples. Columns below “total” refer to certain homopolymer segments, i.e. 2A means 2 A
nucleotides in a row, etc. The bold-type under GC Content indicates the higher of the two values for the
comparison between AA and CAU, while the highlighted cells indicate differences between the samples in
the repeat segments noted. Max and min points encompass multiple consecutive regions, thus the total
length is greater than 200bp.
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) Region 14507- Region 5084-5115 | Region 5084-5115
F(aiﬂozrgééf’&?i;]lﬁf 14533 (CAU 25bp (AA 25bp Min | (CAU 25bp Min
Min Tm) Tm) Tm)
GC Content GC Content GC Content GC Content
11.11% 11.11% 15.63% 15.63%
G 0 G 0 G 0 G 0
A 17 A 17 A 11 A 11
T 7 T 7 T 16 T 16
C 3 C 3 C 5 C 5
Total 27 Total 27 Total 32 Total 32
2A 0 2A 0 2A 3 2A 3
2C 0 2C 0 2C 1 2C 1
2G 0 2G 0 2G 0 2G 0
2T 2 2T 2 2T 3 2T 3
3A 3 3A 3 3A 0 3A 0
3C 0 3C 0 3C 0 3C 0
3G 0 3G 0 3G 0 3G 0
3T 0 3T 0 3T 2 3T 2
4A 0 4A 0 4A 0 4A 0
4C 0 4C 0 4C 0 4C 0
7A 1 7A 1 7A 0 7A 0

Table 7: Base composition for regions showing the lowest Tm values for the 25bp fragments of both the
AA and CAU samples. Columns below “total” refer to certain homopolymer segments, i.e. 24 means 2 A
nucleotides in a row, etc.

31



CONCLUSION

While the scope of this study was limited to two mtGenomes, it provided support that
population variance in the mtGenome may not severely impact the capture reaction’s efficiency.
However, this study did shed light on the issue of variation in Tms across the mtGenome that can
impact the ability to hybridize baits to the DNA, thus reducing the efficiency of a capture reaction
for mtDNA. Further studies across more population groups or haplogroups should be performed
to gather a more global understanding of how different sequence variants can affect the Tm of
mtDNA. However, since the two mtGenomes tested in this study were extremely divergent (82
variants between them) it is unlikely that other pairwise comparisons would result in substantially
increased Tm variation. Despite the apparent lack of population specific discrepancies in Tm, the
amount of variation in the Tm does lend itself to the discussion of how the bait library for the
reaction should be designed. By using a library constructed of multiple individuals from multiple
haplogroups unknown variation may be accommodated. Redundancy in the RNA probes used
should, in theory, help increase the efficiency of the capture reaction as a whole. More importantly,
though, the variation across the mtGenome has a far greater impact on assay design. Optimizing
two separate reactions (or more) to accommodate the range of the Tm spectrum would help reduce

problems that could occur using only one reaction.
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This information can be useful for forensics and human identification, but also for any
research into bait-target hybridization techniques. Understanding how the underlying sequence
variation can affect the Tm and, therefore, the ability to hybridize to a probe will help to create
more effective hybridization-type assays.

By mapping the variation in Tm across the mtGenome | was able to achieve a better
understanding of genetic sequence and its impact on assay design as a whole, and how even minor
sequence variation can have a dramatic influence on denaturation, hybridization, and renaturation

processes.

33



APPENDIX A

Tm MAPPING ACROSS THE MTGENOME FOR EACH 200bp SECTION
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Tm Mapping of 25bp Fragments within
the 1-201 (200bp size) Region
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Tm Mapping of 25bp Fragments within
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0 W
o o

176

~l
o

Temperature (°C)
Ul
o O

w b
o o

— 00 1 N O WO O M~ < 001N NN O W
— NNM n wn

o o
<t O N~~~ O
—

120
127
134
141
148
155
162
169

Position (nt)

=—V\/alue 1: AA 200 =—Value 2: AA 25 ——V/alue 3: CAU 200 Value 4: CAU 25

176

Tm Mapping of 25bp Fragments within
the 202-401 (200bp size) Region
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Figure 9: Mapping of the varying Tm (°C) for 25bp fragments within the designated 200bp window, graphs 1-4 of 83.
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