


file size ratios, how about multiple files, as in reality many files with different sizes may need to be amplified simultaneously?
12. Figure S5-6. Since the amplified files will be subjected to sequencing to read out the data anyway, why not perform the
adapter PCR as the first step to cover the “first PCR”? If so, to avoid bias in sequencing reads or even loss of data, the
authors may also need to include sequencing adapters in the multiple screening steps of their PCR primer design,
especially the dimer formation, secondary structures and specificity. Also, please correct “adaptor” to “adapter” in the figure. 
13. In Figure S5-7. Is the threshold read count fixed or flexible depending on actual experimental conditions? 
14. In Figure 4a, given that the last five files are in text format, how would the decoded files also be represented in pictures?
Also, how could the sequencing coverage be represented in a 2D rectangle as the picture files did? 
15. Figure S8-2. The authors analyzed the effect of GC content on sequencing errors. This metric represented the GC
content of the whole sequence of a strand. Did the authors also evaluate GC-rich regions (narrow down to 10-20 nt) of a
sequence in particular to see whether sequencing errors are more prone to these regions? Compared to using the overall
GC content, analysis with local GC content may be more helpful to demonstrate the effect of GC content on sequencing
errors. 
16. SI section 8, “Effect of sequence secondary structure”. The examples the authors used to evaluate the effect of
secondary structures all contained repetitive sequences, which may cause difficulties in algorithmic sequence assembly and
produce sequencing errors. This makes the described evaluation not adequate to identify whether the sequencing errors
originated from secondary structures or repetitive sequences. On the other hand, the secondary structures in the provided
examples were actually not strong, given the base pairing probabilities of the hybridized regions not significantly high
(around 50%). The authors may need to provide more examples excluding repetitive sequences but solely containing stable
secondary structures to further evaluate the effect of secondary structure on sequencing errors. Lastly, for the subtitle “b)
Secondary structure between payload region and primers”, please use “primer binding region” in place of “primers” to avoid
misunderstanding. 

(Remarks on code availability) 

Reviewer #2 

(Remarks to the Author) 
The study presents a promising approach to primer selection for DNA amplification that could be instrumental in large-scale
information storage. Among the methods for DNA synthesis, chip-based synthesis is particularly suited for large-scale
storage as it enables the simultaneous synthesis of a wide variety of oligonucleotides. However, this approach yields low
initial concentrations of each oligonucleotide type, necessitating the use of PCR amplification for decoding. The authors
highlight that conventional primer design strategies, which rely on fixed-length primers, result in a wide range of primer-
template hybridization energies, leading to uneven amplification of different DNA sequences. To address this issue, the
authors propose a fixed-energy primer design approach that avoids fixed primer lengths and instead optimizes hybridization
energy for uniform amplification. 
As the authors state, previous studies have already considered the energy of primer hybridization or related parameters,
such as melting temperature (e.g., doi:10.1038/nbt.4079). However, this study provides a comprehensive comparison of the
fixed-length versus fixed-energy approaches, emphasizing and explaining the necessity for such design. Through
theoretical modeling, the authors determine the optimal hybridization energies that balance both high specificity and
hybridization efficiency. These findings are substantiated by experimental data, demonstrating that fixed-energy primers
enable uniform amplification during PCR and achieve high accuracy in encoding and decoding various types of data. 
Despite the comprehensive design of the study, and promise of the fixed-energy primer design for DNA storage systems,
several concerns need to be addressed: 
1. My main concern of the proposed fixed-energy approach is that it uses not factual energy but predicted energy based on a
theoretical model, which is far from ideal when it comes to experiments. This way any number of other theoretical metrics
can be devised with varying results and the used approach does not seem as the optimum. For example, using a neural
network to design primers based on considerable experimental data may give much better results. While I greatly appreciate
the thoroughness of the study that involved a huge amount of work, I am not sure that the manuscript clearly defines why the
study conceptually presents a significant inventive step over the previous works. 
2. The results of the fixed-energy approach should be directly compared with those obtained using existing methods to
highlight the significance of the research. For instance, the study by Lee Organick et al. (Nat. Biotechnol. 2018) employs
similar filters for primer design based on melting temperature rather than hybridization energy, and also results in accurate
data decoding. 
3. The study does not present any statistical analyses to evaluate the significance of the results, which should be included
for quantitative comparisons of different groups. 
4. To prove that homogenous amplification is independent of initial template concentrations, PCR experiments should be
conducted using various initial concentrations of the plasmid. 
5. Even a library of 16,095 primers seems insufficient for storing significant amounts of data. This limitation, along with
challenges related to inaccurate oligo synthesis, suggests that DNA information storage is still more of a concept than a
viable storage system. Therefore, the authors should discuss future plans and strategies to address these challenges. 
To improve comprehension of the material, several adjustments are recommended: 
5. Key information, such as the encoding-decoding strategy, should be incorporated into the main text to ensure clarity for
readers. 
6. Terms like "fold-80 base penalty" and "Ct-value" should be defined to make the content accessible to a broader audience.
7. The term “primer” is inconsistently used to refer to both a segment of a template and the primer itself. These should be
clearly differentiated as reverse complementary sequences to avoid confusion. 
8. P.6 “Given the typically low initial concentration of the template during actual PCR, we simulated the hybridization yield of



primers when A >> B.” The designations "A" and "B" are not clearly identified in the text. 
9. P.5 “Based on the theoretical model, we explored amplification efficiency and specificity under different primer free
energies.” Theoretical model should be supplemented with a brief description or at least a reference to the supplementary
information. 
10. The description of Fig. 5e seems to have mixed-up labels (decoding images and restored images) 
Several points also require further clarification: 
11. Table S6-2 lists various libraries without describing the differences between similar ones (e.g., lib1 vs. lib7; lib6 vs. lib8). 
12. The detailed description of the image recovery algorithm is missing and should be included to provide a complete
understanding of the methodology used. 

(Remarks on code availability) 

Reviewer #3 

(Remarks to the Author) 
Summary and recommendation: This manuscript introduces MPHAC-DIS, a novel strategy for DNA-based information
storage that utilizes simulation-guided primer design to achieve unbiased and efficient amplification. The authors
demonstrate remarkable results, showcasing simultaneous access to diverse multimedia files with high accuracy even at
very low sequencing depths. The study is well-presented and comprehensive, making it accessible to a broad audience,
including those interested in DNA storage and DNA design. I recommend minor revisions before accepting this paper in
Nature Communications. 
Specific Changes/Suggestions for Revisions: 
• For the experimental validation of the strategy: a detailed error rate analysis and long-term stability, particularly at low
sequencing depths, is valuable to build a better understanding of the types and sources of errors will aid in developing error-
correction strategies. The authors have those sections buried in SI, they should consider incorporating those discussions
from the Supplementary Information into the main manuscript, or within the methodology section. 
• Additional storage condition testing: While the current study evaluates buffer variations, it'll be important to expand testing
or discussion to explore the system's performance under different temperatures, assess the impact of varying humidity levels
on DNA stability, evaluate the effects of UV light exposure, particularly for long-term storage scenarios, and the potential of
dry storage conditions, as explored in this example https://www.nature.com/articles/s41467-019-09517-y. Note that I am not
affiliated with this study, but it's worth considering how extreme storage conditions could impact the DNA storage system's
performance and data integrity. Evaluating/discussing its resilience under such conditions is essential for real-world
applications. 
• Benchmarking/Comparative analysis: A significant drawback of the paper is the comparison with only one prior method
(fixed 20nt primers), which the authors acknowledge isn't the only approach used in the past. Can the authors expand the
analysis to include a wider range of existing primer design strategies, including those that consider factors like Tm (melting
temperature). This would provide a more comprehensive understanding of its advantages and limitations in terms of storage
density, retrieval accuracy, cost, and scalability (providing a comparative table like Table S1 including all these variables
would help). 
• Results Figure 3 and 4: They are very comprehensive and clear but consider adding the coefficient of variance (CV) to plot
(d) and the curve in section (i), it would help quantify the variance between the two methods. Similarly, consider adding them
to the histograms in Figure 4e and other relevant figures. 
Also, could the "A>>B" and "A=B" cases in section (h) be experimentally validated and compared to the theoretical
predictions? 
• The Supplementary Information file is extensive and, while comprehensive, feels like a separate paper. It contains multiple
discussion points that could be integrated into the main manuscript, as noted above. The reference to 5 figures (S2-6) on line
94 is an example of how 5 figures are lumped into one reference point and could be confusing and overwhelming. This large
amount of data in the SI could be streamlined for clarity, ensuring each figure conveys a distinct idea. In many instances, the
text refers to sections within the SI instead of specific figures. This is unclear for the reader and contributes to the perception
of the SI as a separate publication rather than supporting material. 
• Expand the discussion on the limitations of the method (where does it break?) and potential areas for future improvement. 

(Remarks on code availability) 

Version 1: 

Reviewer comments: 

Reviewer #1 

(Remarks to the Author) 
I appreciate the authors for their careful revision. They have addressed most of my concerns and I believe this work is ready
for publication. 
Additional minor suggestions: 
1. For the original Question 14 regarding the creation of 2D rectangle for text files, please specify the methods in the main
text, preferably in the Methods section. 
2. There is a small mistake in Figure S2-6 of the revised version, where the top tick label on the Y-axis should probably be



1000000. 

(Remarks on code availability) 

Reviewer #2 

(Remarks to the Author) 
The authors have made substantial improvements to the manuscript, effectively addressing the key concerns raised during
the initial review. The revised version is now clearer and more cohesive, with enhanced explanations and a more
streamlined presentation of the methodology. Importantly, the authors have provided more context for their findings, which
makes the manuscript more compelling and positions it as a significant contribution to the field. 

However, one aspect still requires further clarification. While an additional check for primer specificity has been introduced to
ensure orthogonality between primers, the possible occurrence of partially complementary sequences within the
oligonucleotide outside the primer-binding region remains a concern. The authors should discuss how it might impact the
uniformity of amplification or propose strategies to mitigate this issue. Once this discussion is addressed, the manuscript can
be recommended for publication. 

(Remarks on code availability) 

Reviewer #3 

(Remarks to the Author) 
The authors have carefully considered and addressed all the points raised. The manuscript has undergone significant
changes, with improvements in clarity, organization, and scientific rigor. Overall, I think the revisions made the article
suitable for publication with a great impact on the field and a compelling case for the use of MPHAC-DIS in DNA-based
information storage. I recommend this manuscript for publication without further changes. 

(Remarks on code availability) 

Open Access This Peer Review File is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were
made.
In cases where reviewers are anonymous, credit should be given to 'Anonymous Referee' and the source.
The images or other third party material in this Peer Review File are included in the article’s Creative Commons license,
unless indicated otherwise in a credit line to the material. If material is not included in the article’s Creative Commons
license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain



permission directly from the copyright holder.
To view a copy of this license, visit https://creativecommons.org/licenses/by/4.0/



REVIEWER COMMENTS 

Response to reviewers' comments: 

We thank the reviewers for their careful reading of our manuscript and highly appreciate their constructive remarks and 
suggestions. We have considered their feedback to improve the manuscript and included a detailed point-by-point 
response to their comments below. All changes to the text are highlighted in red in the revised manuscript. 

Responses to Reviewer #1:

This paper bring the concept of designing PCR primers with uniform Gibbs free energy changes to enhance the 
ahfh`^g^bmr bg Zfieb_b\Zmbhg* ma^k^_hk^ `nZkZgm^^bg` ng[bZl^] bg_hkfZmbhg k^mkb^oZe bg AK> ]ZmZ lmhkZ`^, Qabl }CB-
]^lb`g \hg\^im~ bl bfihkmZgm Zg] mbf^er Zl ik^]b\mion of biochemical reaction efficiency with considerations from the 
^g^k`r i^kli^\mbo^ bl [^\hfbg` Z mk^g], >elh* F Ziik^\bZm^ ma^ Znmahkl� mahkhn`a \aZkZ\m^kbsZmbhg Zg] ]^mZbe^] ZgZerlbl
of the constructed DNA data storage system. Overall, this work is well presented and is of certain scientific value. 
However, there are some points I found not clear or requiring more supportive evidence. Please see below: 

Response: Thank you for your positive feedback on our work. We appreciate your thorough review and constructive 
suggestions. In the following point-by-point responses, the response content is in regular font size, while the article 
content is in a slightly smaller font size. The original text is in blue, and the modified text is highlighted in red. 

1. Page 6 of SI. In the paragraph about GC content on PCR efficiency. 1) Qa^ Znmahkl ]bl\nll^] maZm }ab`a D@ \hgm^gm
(>65%) can affect the efficiency of PCR due to the tendency of these sequences to fold into complex secondary 
lmkn\mnk^l~, Ehp^o^k* bg ma^bk lbfneZmbhg k^lneml lahpg bg Cb`nk^ P0-1b, it seems a high GC content had zero impact on 
PCR reaction as the efficiencies all reached 100% when GC content was higher than 50%. 2) Fg Z]]bmbhg* }D@ \hgm^gml
\hglmkZbg^] pbmabg 23$ mh 33$~ bg mabl lbfneZmbhg ^qi^kbf^gm lahne] hger \hgmZbg ma^ \Zl^ pa^g D@ \hgm^gm pZl
exactly 50%. However, it is confusing to me that in Figure S2-/\* ma^ ]blmkb[nmbhg h_ lbfneZm^] ^__b\b^g\r _hk }pbma
\hglmkZbgm~ `khni pZl ghm \hfie^m^er \hglblm^gm pbma paZm pZl ]blieZr^] bg Cb`nk^ P0-1b when GC ratio was 50%.  

Response: Thank you for your comments. 1) The statement on Page 6 of SI about high GC content affecting PCR 
efficiency refers to the potential reduction in polymerase extension efficiency and the increased likelihood of complex 
secondary structure formation in sequences with high GC content and the impact can be mitigated by adjusting the 
buffer, such as using denaturing agents or commercial high-GC amplification buffers. To ensure the quantifiability in 
our model, we focused solely on the thermodynamics and kinetics of nucleic acid hybridization. As a result, the 
efficiency in this model is primarily determined by free energy. For sequences of fixed length, a higher GC content 
results in more negative free energy, which explains why our results show nearly 100% efficiency for high GC content 
sequences. In addition, we did not account for the effects of high GC content at this stage, but we incorporated a GC 
content filtering step in the final primer generation procedure. 

2) In Figure S2-1b, we interpolated the data in 10% increments, randomly generating 100 sets of primers for each GC 
content level. However, in Figure S2-1c, we randomly generated a new set of 1,000 primers. The "with constraint" 
group includes sequences with GC contents of 45% (9 G/C, 11 A/T), 50% (10 G/C, 10 A/T), and 55% (11 G/C, 9 A/T), 
which explains the differences between Figure S2-1b and Figure S2-1c. To avoid confusion, we have revised the 
original text, and here is the revised version: 

GC content. Qa^ D@ \hgm^gm k^ik^l^gml ma^ ikhihkmbhg h_ `nZgbg^ Zg] \rmhlbg^ [Zl^l bg ma^ ikbf^k l^jn^g\^, AK> m^fieZm^l pbma

ab`a D@ \hgm^gm &<43$' \Zg Z__^\m M@O ^__b\b^g\r ]n^ mh ma^ k^]n\^] iherf^kZl^ ^qm^glbhg ^__b\b^g\r Zg] ma^ bg\k^Zl^] ebd^ebahh]

h_ _hkfbg` \hfie^q l^\hg]Zkr lmkn\mnk^l* pab\a \Zg abg]^k Zfieb_b\Zmbhg &pabe^ p^ ]b] ghm Z\\hngm _hk mabl _Z\mhk bg hnk lbfneZmbhgl*

p^ \hgmkhee^] ma^ D@ \hgm^gm bg _nkma^k lm^il mh fbmb`Zm^ ma^l^ blln^l', Jhk^ho^k* ma^ D@ \hgm^gm Zelh bg_en^g\^l ma^ ]blmkb[nmbhg h_

ikbf^k [bg]bg` _k^^ ^g^k`r, Chk bglmZg\^* Zm Z _bq^] ikbf^k e^g`ma h_ 0. gm* ma^ _k^^ ^g^k`r ]blmkb[nmbhgl oZkr lb`gb_b\Zgmer Zm ]b__^k^gm

D@ \hgm^gml* kZg`bg` _khf ZiikhqbfZm^er . d\Ze-fhe mh +02 d\Ze-fhe &Cb`, P0+/Z', @hkk^lihg]bg`er* ma^l^ ]bo^kl^ _k^^ ^g^k`r

]blmkb[nmbhgl k^lnem bg ]blmbg\m M@O ^__b\b^g\b^l &Cb`, P0+/[', ?r \hglmkZbgbg` ma^ D@ \hgm^gm pbmabg ma^ kZg`^ h_ 23$ mh 33$* ma^

Zfieb_b\Zmbhg ^__b\b^g\b^l h_ ma^ ikbf^kl Zk^ ln[lmZgmbZeer bfikho^] bg \hfiZkblhg mh pa^g ma^r Zk^ ng\hglmkZbg^]* pbma Z fZchkbmr h_

ikbf^kl ^qab[bmbg` ab`a ^__b\b^g\r e^o^el Zkhng] /..$ &Cb`, P0+/\',





Primer length is a key indicator of primer design, and primers that are too short may result in inadequate efficiency. While 20 nt is a 
commonly used length, our previous results indicate that even with constrained GC content, certain primers still exhibit poor 
amplification efficiency (Fig. S2-1c). Ihg`^k ikbf^kl \Zg fZd^ �D fhk^ g^`Zmbo^ Zg] ikhob]^ lmkhg`^k [bg]bg`, Figure S2-2 illustrates 
the distribution of free energy for various primer lengths. Among them, the distribution of energy will be more concentrated when there 
is a GC content constraint. However, excessive length increases the likelihood of primer dimer formation (discussed later), and this is 
one of the primary reasons why we do not recommend fixed-length primer design. 

Reference: 
[1]. Hendling, M. and I. Barisic, In-silico Design of DNA Oligonucleotides: Challenges and Approaches. Comput. Struct. Biotechnol. 
J., 2019. 17: p. 1056-1065. 

2, F k^\hff^g] ma^ Znmahkl mh nl^ }Db[[l _k^^ ^g^k`r \aZg`^~ bglm^Z] h_ }Db[[l _k^^ ^g^k`r~ mh k^ik^l^gm ]^emZD
throughout the article.   

Response: Thank you for your suggestion. T^ aZo^ \aZg`^] ma^ _nee gZf^ h_ �D _khf 'Db[[l _k^^ ^g^k`r~ mh 'Gibbs 
free ^g^k`r \aZg`^~. The updated version is provided: 

The binding free energies of programable probes have been widely studied to achieve the binding specificity and sensitivity. Here, we 
introduce binding energy controlled massively parallel homogeneous amplification of chip-scale DNA (MPHAC), which ensures highly 
specific primer hybridization with homogeneous standard Gibbs free energy change &zDu'* ^gZ[ebg` ab`a-throughput, bias-free and 
selective amplification of target sequences by PCR. 

5. Please reconcile the parameters of free energy change filter throughout the article. In Page 9 of SI it is -10.5 kcal 
mol-1 ~ -12.5 kcal mol-1. However, in the Methods section (Line 309) it is -11.5 kcal mol-1 ~ -12.5 kcal mol-1 and in 
the results section (Line 86) it is -10 kcal mol-1 ~ -12.5 kcal mol-1.  

Response: Thank you for identifying this inconsistency. We have standardized the free energy change filter across the 
manuscript to ensure consistency. The correct range for the free energy change is now set to -10.5 kcal mol1¹ ~ -12.5 
kcal mol1¹. Here is the updated text: 

Page 9 of SI: Combining the above explorations, we set up six primer filtering steps. These include: primer free energy (-10.5 kcal 
mol-1 ~ -12.5 kcal mol-1), GC content (45% ~ 55%), homopolymer (no AAAA, TTTT, CCC and GGG), dimer (max badness less than 
1), and secondary structure (MFE free energy = 0 kcal mol-1). 
Methods section: Subsequently, the standard free energy of each primer was calculated using the nearest neighbor model and 
primers with free energy in the range of -10.5 kcal mol-1 to -12.5 kcal mol-1 were retained. 
Results section: L_ ma^l^* hger 6,1$ iZll^] ma^ zDu _bem^k &-10.5 kcal mol-1 to -12.5 kcal mol-1), and a scant 2% conformed to the GC 
content criteria.

6. Fg Ibg^ 75* ma^ Znmahkl f^gmbhg^] }oZkbhnl ikbf^k l^ml \hne] [^ fbq^] Zl g^^]^] mh k^Zebs^ kZg]hf Z\\^ll mh
bg]bob]nZe hk fnembie^ _be^l~, Jnembie^q M@O k^jnbk^l fhk^ \Zk^_ne ]^lb`g h_ ikbf^k l^ml mh ^glnk^ ma^ ^__b\b^g\r, Fg Cb`nk^
S2-7 and Figure 3b, the authors have evaluated any possible cross-hybridization between primers from different sets 
and the variation of primer specificity with free energy change. However, in their primer design algorithm, the specificity 
check is missing, and I suppose the authors screen the specificity entirely by controlling free energy changes, which 
makes the specificity check less persuasive.  

Response: Thank you for your professional suggestion. An additional specificity check is indeed necessary to ensure 
orthogonality between primers. In response, we have incorporated a BLAST (Basic Local Alignment Search Tool) step 
in the primer design process to ensure specificity (Fig. 1b). This step aligns primer sequences with themselves and 
checks for mismatches and potential off-targets, ensuring precise amplification during PCR. After applying the BLAST 
filter, we retained 11,335 primers (Fig. S2-6). We have updated the text and images accordingly. The revised content 
is provided below: 



Fig. 1 | Schematic workflow of MPHAC and MPHAC-DIS. a* Ihp \hg\^gmkZmbhg lbg`e^+lmkZg]^] AK> fhe^\ne^l lrgma^lbs^] hg

\abi p^k^ Zfieb_b^] pbma JME>@ mh h[mZbg ngb_hkf ab`a+\hg\^gmkZmbhg ]hn[e^+lmkZg]^] AK> fhe^\ne^l, b* Mkbf^k ]^lb`g Zg] _bem^k

phkd_ehp, c* Thkd_ehp h_ fnembfh]Ze ]ZmZ lmhkZ`^ pbma kZg]hf Z\\^ll nlbg` JME>@+AFP, d* Ihlle^ll bg]^q _hk AK> bg_hkfZmbhg

lmhkZ`^ mh fZbgmZbg _be^l kZmbh \hglblm^g\r [^_hk^ Zg] Z_m^k lmhkZ`^,

Figure S2-6. Number of primers remaining after each round of filtering steps. Here, 2,000,000 primers were randomly generated 
to be used as the initial primer pool and 11,335 primers were obtained after 6 rounds of filtering. 



Methods

Primer generation

Cbklm* 0*...*... ikbf^kl h_ /3 mh 1. gm p^k^ kZg]hfer `^g^kZm^], Pn[l^jn^gmer* ma^ lmZg]Zk] _k^^ ^g^k`r h_ ^Z\a ikbf^k pZl

\Ze\neZm^] nlbg` ma^ g^Zk^lm g^b`a[hk fh]^e Zg] ikbf^kl pbma _k^^ ^g^k`r bg ma^ kZg`^ h_ +/.,3 d\Ze fhe+/ mh +/0,3 d\Ze fhe+/ p^k^

k^mZbg^], Qa^ D@ \hgm^gm \a^\d &23$+33$' Zg] ahfhiherf^k \a^\d &>>>>* QQQQ* @@@* DDD' h_ ma^ ikbf^kl p^k^ ma^g i^k_hkf^],

Chk k^mZbg^] ikbf^kl* [Z]g^ll &Z f^mkb\ ]^l\kb[bg` ma^ ikh[Z[bebmr h_ ]bf^k _hkfZmbhg [^mp^^g mph ikbf^kl' [^mp^^g Zee ikbf^kl pZl

\Ze\neZm^], Abf^k \a^\d pZl i^k_hkf^] nlbg` fZq [Z]g^ll* Zg] hger ikbf^kl pbma fZq [Z]g^ll e^ll maZg / p^k^ k^mZbg^],

Cnkma^kfhk^* ma^ fbgbfnf _k^^ ^g^k`r &JCB' lmkn\mnk^ h_ ^Z\a ikbf^k pZl ZgZers^] [r KRM>@H, Mkbf^kl pbma _k^^ ^g^k`r ^jnZe mh

. d\Ze fhe+/ iZll^] ma^ l^\hg]Zkr lmkn\mnk^ \a^\d Zg] p^k^ bg\en]^] bg ma^ _bgZe ikbf^k eb[kZkr, CbgZeer* \khllmZed [^mp^^g ikbf^kl Zg]

ma^bk k^o^kl^ \hfie^f^gmZkr l^jn^g\^l pZl o^kb_b^] nlbg` ?I>PQ mh ^glnk^ maZm ma^ gnf[^k h_ \hfie^f^gmZkr [Zl^l &bg\en]bg` lab_m

\hfie^f^gmZkbmr' pZl e^ll maZg hk ^jnZe mh /4,

7. The authors may also need to evaluate the specificity of primers to ensure that no primers will target an unintended 
template, and in their primer design algorithm, an additional screening step may need to be carried out.  

Response: Thank you for your suggestion. We would like to emphasize that we have included a BLAST step at the 
final stage of our primer design process, which effectively evaluates primer specificity. This step compares the primer 
sequences against themselves and the primer binding regions (reverse complement sequences), allowing us to screen 
for specificity between primers and verify that each primer targets its intended template without unintended interactions. 

8. Was the simulated sequencing experiment described in Lines 121-126 based on the simulated amplification yield? I 
suggest the authors to specify the detailed procedure of the simulated sequencing experiment in the Methods section.  

Response: Thank you for your helpful suggestion. Yes, the simulated sequencing experiment described in Lines 121-
126 was indeed based on the simulated amplification yield. We have added further details to clarify the procedure in 
the Methods section. Below is the updated text with the additional information: 

100,000-plex primer simulation

Cbklmer* /..*... ikbf^kl p^k^ `^g^kZm^] _hk ^Z\a h_ ma^ CI+]^lb`g Zg] CB+]^lb`g* k^li^\mbo^er, Qa^ �Du h_ ^Z\a l^jn^g\^ pZl

ma^g \Ze\neZm^] mh ]^m^kfbg^ ma^ _k^^ ^g^k`r ]blmkb[nmbhgl _hk [hma ]^lb`gl, Pn[l^jn^gmer* ma^ Zfieb_b\Zmbhg ^__b\b^g\r h_ ^Z\a ikbf^k

pZl \Ze\neZm^] [Zl^] hg ma^ ma^hk^mb\Ze fh]^e* Zg] ma^ \ho^kZ`^ h_ ^Z\a ikbf^k pZl ]^kbo^] nlbg` ma^ _heehpbg` ^jnZmbhg8
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E^k^* B k^ik^l^gml ma^ mhmZe gnf[^k h_ ikbf^kl* pab\a bg hnk \Zl^ bl /..*..., A^ima k^_^kl mh ma^ l^jn^g\bg` ]^ima* l^m mh 3.�* Zg]

@r\e^ ]^ghm^l ma^ gnf[^k h_ M@O Zfieb_b\Zmbhg \r\e^l* l^m mh 0.,

9. In the Methods section, Line 337. How was the amplification efficiency evaluated for a non-target? Has the 
association and dissociation rate changed compared to on-target amplification? The authors may need to specify this 
in the same paragraph.  

Response: Thank you for your suggestion. For non-targets, we assume that they differ from the target by n bases, 
pab\a k^lneml bg Z \aZg`^ bg �D &��D', Qabl ]b__^k^g\^ bfiZ\ml ma^ [bg]bg` Z__bgbmr h_ ma^ ghg-target sequence to the 
primer. While the binding rate constants for nucleic acid hybridization (spanning tens of bases) are usually fixed (e.g. 
10-6 M-1 s-1)2* _heehpbg` ma^ k^eZmbhglabi �D ; dhyb/kdis, non-specific targets exhibit a binding rate comparable to that of 
the specific target but dissociate more rapidly due to their weaker binding energy. We simulated various scenarios with 
]b__^k^gm ��D oZen^l mh h[l^ko^ ma^bk ^__^\m hg Zfieb_b\Zmbhg ^__b\b^g\r, >\khll ma^l^ lbfneZmbhgl* p^ \hglblm^gmer _hng]
the same optimal thermodynamic parameters (see Fig. S3-5). We have clarified this in the Methods section to provide 
a more explicit explanation of how non-target amplification was evaluated. Here is the updated version: 

B__b\b^g\rmZk`^m lb`gb_b^l ma^ Zfieb_b\Zmbhg ^__b\b^g\r h_ ma^ fZm\abg` mZk`^m l^jn^g\^* Zg] B__b\b^g\rghg+mZk`^m bg]b\Zm^l ma^ Zfieb_b\Zmbhg
^__b\b^g\r h_ ma^ ghg+mZk`^m, E^k^* ghg+mZk`^m ]^ghm^l Z ghg+li^\b_b\ m^fieZm^ pbma fnembie^ [Zl^ ]b__^k^g\^l \hfiZk^] pbma mZk`^m*
pahl^ �D pbma ma^ ikbf^k bl fhk^ ihlbmbo^ maZg maZm h_ mZk`^m pbma ikbf^k* Zg] ma^ ]b__^k^g\^ [^mp^^g ma^ mph bl ��D* pab\a bl _bq^],

Reference: 



[2]. Simmel, F.C., B. Yurke and H.R. Singh, Principles and Applications of Nucleic Acid Strand Displacement Reactions. 
Chem. Rev., 2019. 119(10): p. 6326-6369. 

10. Please specify the meaning of dashed lines in Figure S5-4. Are these indicating the threshold PCR cycles? 

Response: The dashed lines in Figure S5-4 do indeed represent the threshold PCR cycles. We have updated the 
figure and its caption to include a more detailed explanation. Here is the revised version: 

Figure S5-4. Effect of File Size on Amplification. Qa^ Zfieb_b\Zmbhg \nko^l &e^_m'* Zfieb_b\Zmbhg ^__b\b^g\b^l &fb]]e^'* Zg] fhe^\ne^
gnf[^k kZmbhl &kb`am' h_ ma^ mph _be^l Zk^ lahpg pabe^ ma^ lbs^ kZmbhl h_ ma^ mph _be^l oZkb^] _khf /8/ mh /..8/, Qa^ oZen^l aZo^ [^^g
ghkfZebs^] bg ma^ ZgZerlbl, Qa^ ]Zla^] ebg^ bg]b\Zm^l ma^ mak^lahe] M@O \r\e^l maZm lmZkm mh bgmkh]n\^ [bZl,

11. In Figure S5-4 and Figure S5-5, I am still not clear whether the threshold PCR cycle corelates more with the file 
size ratio or the highest initial concentration of a file. Besides, the authors discussed the situation of amplifying two files 
with varying file size ratios, how about multiple files, as in reality many files with different sizes may need to be amplified 
simultaneously? 

Response: Thank you for your feedback, and we apologize for that the original description in the article was not 
sufficiently precise. When amplifying multiple files, we introduced a key parameter in our model that considers the 
interaction between the polymerase and the double-stranded template (dsDNA). According to the literature, polymerase 
has a binding capacity to dsDNA. When polymerase binds to excess dsDNA, it is unable to extend the primer-template 
complex, which reduces its overall activity3. 



Our modeling results demonstrate that when polymerase activity begins to be impacted by the binding of dsDNA (at 
the threshold PCR cycle), there is a slight difference in amplification efficiency depending on the template 
concentrations. This difference can introduce amplification bias. Moreover, The threshold cycle is primarily related to 
the initial total concentration of the templates to be amplified. Only in cases where there is a significant concentration 
disparity between two templates, the higher concentration template tends to dictate the critical cycle threshold. 
Therefore, for large-scale file amplification, it is crucial to calculate the total initial concentration of all the templates to 
be amplified. This allows for a more accurate estimate of the optimal number of PCR cycles. In order to make the above 
points clearer, we have revised the original text, and the following is the revised version: 

Here, we introduced a key parameter in our model: the interaction between the polymerase and the double-stranded template (dsDNA). 
When polymerase binds to excess dsDNA, it is unable to extend the primer-template complex, which reduces its overall activity. As 
shown in Figure S5-4, the file amplification curve and amplification efficiency present as opposite sigmoid curves. Notably, as the 
amplification curve enters the exponential period, the amplification efficiency of the file begins to decline as well. It is observed that 
the amplification efficiency of the two files remains approximately equivalent for various file size ratios. However, upon closer 
examination, a slight delay in the amplification efficiency of file2 is noticeable when the amplification efficiency of file1 begins to 
decrease. This difference in amplification efficiency due to the delay introduces a bias, resulting in a change in the size ratio of the 
two files. 
Notably, the point at which the ratio changes corelates with the size ratio of the files. This is because threshold cycle is actually related 
to the overall size of the file to be accessed (the sequences needed to be amplified). Larger files correspond to higher initial 
concentrations, leading to an earlier onset of the exponential period (when generated dsDNA can significantly affect polymerase 
activity) and, consequently, an earlier introduction of bias. As a result, it is essential to ensure that the number of amplification cycles 
remains below the threshold during library preparation. Figure S5-5 displays the thresholds at various initial concentrations, revealing 
a linear correlation between the thresholds and log10 (concentration). When performing large-scale file random access, the total 
concentration of the file to be accessed can be calculated and a suitable PCR cycle can be selected based on this curve.

Reference: 
[3]. Kainz, P., The PCR plateau phase { towards an understanding of its limitations. Biochimica. et. biophysica. acta, 
2000. 1494(1): p. 23-27. 

12. Figure S5-6. Since the amplified files will be subjected to sequencing to read out the data anyway, why not perform 
ma^ Z]Zim^k M@O Zl ma^ _bklm lm^i mh \ho^k ma^ }_bklm M@O~= F_ lh* mh Zohb] [bZl bg l^jn^g\bg` k^Z]l hk ^o^g ehll h_ ]ZmZ*
the authors may also need to include sequencing adapters in the multiple screening steps of their PCR primer design, 
^li^\bZeer ma^ ]bf^k _hkfZmbhg* l^\hg]Zkr lmkn\mnk^l Zg] li^\b_b\bmr, >elh* ie^Zl^ \hkk^\m }Z]Zimhk~ mh }Z]Zim^k~ bg ma^
figure. 

Response: Thank you for your insightful question. While using adapter PCR as the first step could indeed simplify the 
process and offer some advantages, adapter primers are typically quite long (50-70 nucleotides). The increased length 
of primers enhances their binding strength, which also increases their tolerance for mismatches. This heightened 
tolerance can lead to a higher likelihood of inter-primer hybridization, resulting in the formation of primer dimers1,4. 
Primer dimers, in turn, can interfere with the amplification of the target template. To mitigate this risk, we opted to use 
conventional primers for the initial pre-amplification. Afterward, we added universal sequences to both ends of the 
target sequences through three additional cycles of adapter PCR. This approach minimizes the potential for primer-
dimer formation during the critical early stages of amplification. 

Finally, we have also corrected the spelling from "adaptor" to "adapter" throughout the article. Below is the revised 
original text: 

K^qm* /3 �I inkb_b^] Zfieb\hg* 0,3 �I adapter FP-fbq* 0,3 �I adapter RP-fbq* .,3 �I iherf^kZl^* / �I ]KQM &/. fJ'* /. �I 3� EC
[n__^k Zg] /6,3 �I ]]E0L p^k^ fbq^] mh mhmZe ohenf^ h_ 3. �I, Qa^ ma^kfh\r\ebg` ikhmh\he bg\en]^] Zg bgbmbZe 76 u@ ]^gZmnkZmbon for 
2 minutes, followed by 3 cycles of 98 °C for 20 seconds, 63 °C for 30 seconds and 72 °C for 30 seconds. Similarly, the amplicon 
products were then purified from the reaction mixture. This step added the adapter sequences to the ends of the amplicon. 

Reference: 
[1]. Hendling, M. and I. Barisic, In-silico Design of DNA Oligonucleotides: Challenges and Approaches. Comput. Struct. 
Biotechnol. J., 2019. 17: p. 1056-1065. 
[4]. Song, P., et al., Selective multiplexed enrichment for the detection and quantitation of low-fraction DNA variants via 
low-depth sequencing. Nat. Biomed. Eng., 2021. 5(7): p. 690-701. 

13. In Figure S5-7. Is the threshold read count fixed or flexible depending on actual experimental conditions?  

Response: Based on previous experience5, we typically use a threshold read count of 5, which has been shown to 
ensure accurate decoding under normal conditions. This threshold helps filter out low-confidence reads while 
maintaining high decoding accuracy. However, in experiments with very low sequencing depths, achieving a read count 



greater than this threshold can be challenging, even when the reads are correct. In such cases, lowering the threshold 
can sometimes improve decoding results, as it allows more reads to be considered, despite the lower coverage. 

Reference: 
[5]. Kim, J., et al., Metastable hybridization-based DNA information storage to allow rapid and permanent erasure. Nat. 
Commun., 2020. 11(1). 

14. In Figure 4a, given that the last five files are in text format, how would the decoded files also be represented in 
pictures? Also, how could the sequencing coverage be represented in a 2D rectangle as the picture files did? 

Response: Thank you for your question. Indeed, the last five files are text files, and the images provided in the figure 
serve primarily as a visual representation to illustrate the type of files being stored. The actual decoding results can be 
better seen through the corresponding sequencing coverage diagrams. 

Regarding the representation of sequencing coverage in a 2D rectangle (as with the image files), here is the approach: 
During the encoding process, the information is split and stored across multiple sequences. After sequencing, we 
calculate the coverage of each sequence by aligning the reads. This results in an N×1 vector, where N represents the 
number of sequences. To visualize this coverage as a rectangular image, we transform the N×1 vector into an M×K 
matrix (where M and K are chosen to suit the visualization). A heatmap is then generated based on the values in this 
matrix, where each point in the heatmap corresponds to the coverage of a particular sequence. This arrangement 
allows for intuitive visualization, where the sequences are organized into a grid-like shape to convey the coverage data 
clearly. 

15. Figure S8-2. The authors analyzed the effect of GC content on sequencing errors. This metric represented the GC 
content of the whole sequence of a strand. Did the authors also evaluate GC-rich regions (narrow down to 10-20 nt) of 
a sequence in particular to see whether sequencing errors are more prone to these regions? Compared to using the 
overall GC content, analysis with local GC content may be more helpful to demonstrate the effect of GC content on 
sequencing errors. 

Response: Thank you for your valuable suggestion. In response, we split the sequence into 20 nt segments (domains) 
for localized error rate analysis. Since sequencing error frequency tends to increase near the 3' end of reads (Fig. S8-
14), we ensured fair comparison by analyzing error rates of domains with varying GC content at the same positions. 
We selected three domains at different positions and categorized them into two groups based on GC content: x50% 
and <50%. The results show no significant difference between the groups with different GC contents (Fig. S8-3).
However, it is important to note that the coding method we used inherently maintains the GC content of the payload 
region between 40% and 60%, meaning there are no GC-rich regions with very high GC content. This may explain why 
we did not observe a significant difference between the x50% and <50% groups. 





Responses to Reviewer #2 

The study presents a promising approach to primer selection for DNA amplification that could be instrumental in large-
scale information storage. Among the methods for DNA synthesis, chip-based synthesis is particularly suited for large-
scale storage as it enables the simultaneous synthesis of a wide variety of oligonucleotides. However, this approach 
yields low initial concentrations of each oligonucleotide type, necessitating the use of PCR amplification for decoding. 
The authors highlight that conventional primer design strategies, which rely on fixed-length primers, result in a wide 
range of primer-template hybridization energies, leading to uneven amplification of different DNA sequences. To 
address this issue, the authors propose a fixed-energy primer design approach that avoids fixed primer lengths and 
instead optimizes hybridization energy for uniform amplification. 
As the authors state, previous studies have already considered the energy of primer hybridization or related parameters, 
such as melting temperature (e.g., doi:10.1038/nbt.4079). However, this study provides a comprehensive comparison 
of the fixed-length versus fixed-energy approaches, emphasizing and explaining the necessity for such design. Through 
theoretical modeling, the authors determine the optimal hybridization energies that balance both high specificity and 
hybridization efficiency. These findings are substantiated by experimental data, demonstrating that fixed-energy 
primers enable uniform amplification during PCR and achieve high accuracy in encoding and decoding various types 
of data. 

Response: Thank you for your encouraging feedback on our work. We appreciate your recognition of the potential 
impact of our fixed-energy primer design approach. Regarding the comparison with melting temperature (Tm) strategies, 
we acknowledge that studies like Lee Organick et al. (Nat. Biotechnol. 2018) have utilized Tm-based filters effectively. 
However, our results indicate significant differences in amplification uniformity, which we elaborate on in our response 
to question 2. Additionally, we have expanded our comparative analysis to include a new table (Table S3-1) detailing 
various primer design strategies. This addition highlights the advantages of our fixed-energy approach in terms of 
primer capacity and amplification homogeneity. Thank you once again for your valuable insights. 

Table S3-1 Simulated performance comparison between two designs

FL+Tma FEb

Primer capacityc 2.53×1011 1.67×1014

Efficiency range 78.2%-100% >99% 

Correct ratiod 87.08% 100% 

Fold-80 base penalty 1.28 1 

Z CI)Qf bl ]^_bg^] a^k^ Zl Z _bq^] e^g`ma h_ 0. gm* pbma ma^ Qf oZen^ \hglmkZbg^] [^mp^^g 33u@ Zg] 4.u@, Qabl lmZg]Zk] bl ]^kbo^]

_khf ma^ phkd h_ I^^ Lk`Zgb\d ^m Ze/,

[ CB k^_^kl mh ma^ ebfbmZmbhg h_ ma^ Db[[l _k^^ ^g^k`r \aZg`^* l^m [^mp^^g +/.,3 d\Ze fhe'� Zg] +/0,3 d\Ze fhe'�,

\ Mkbf^k \ZiZ\bmr bl ]^_bg^] Zl ma^ fZqbfnf gnf[^k h_ ikbf^kl maZm \Zg [^ `^g^kZm^], FgbmbZeer* p^ `^g^kZm^ /.*... kZg]hf ikbf^kl

Zg] \Ze\neZm^ ma^ i^k\^gmZ`^ maZm iZll^l ma^ _bem^k* pab\a bl ma^g nl^] mh ]^kbo^ ma^ ikbf^k \ZiZ\bmr,

] @hkk^\m kZmbh bg]b\Zm^l ma^ i^k\^gmZ`^ h_ ln\\^ll_neer ]^\h]^] _be^l, Chk mabl ZgZerlbl* p^ aZo^ ^lmZ[ebla^] Z l^jn^g\bg` ]^ima h_

3.� Zg] 1.� \ho^kZ`^ Zl ma^ mak^lahe] _hk ln\\^ll_ne ]^\h]bg`,

Reference: 
[1]. Organick, L., et al., Random access in large-scale DNA data storage. Nat. Biotechnol., 2018. 36(3): p. 242-248. 

Below are our point-by-point responses, with the response content in regular font size and the article content in a slightly 
smaller font size. Original content is highlighted in blue, and modifications are marked in red. 



Despite the comprehensive design of the study, and promise of the fixed-energy primer design for DNA storage systems, 
several concerns need to be addressed: 
1. 1) My main concern of the proposed fixed-energy approach is that it uses not factual energy but predicted energy 
based on a theoretical model, which is far from ideal when it comes to experiments. 2) This way any number of other 
theoretical metrics can be devised with varying results and the used approach does not seem as the optimum. For 
example, using a neural network to design primers based on considerable experimental data may give much better 
results. While I greatly appreciate the thoroughness of the study that involved a huge amount of work, 3) I am not sure 
that the manuscript clearly defines why the study conceptually presents a significant inventive step over the previous 
works. 

Response: Thank you for your insightful comment. 1) For the first point, we ensure that our predicted values align with 
real-world applications through both prior experience2,3 and experimental validation. The thermodynamic calculation 
methods we employed have been previously validated (Table R1)4,5, further supporting the reliability of our approach. 
Moreover, our experimental results demonstrate that the predictions are consistent with experimental outcomes (Fig. 
S4-6), validating the reliability of our simulation in practical scenarios. 

Table R1. The previously validated nearest-neighbor thermodynamic parameters for DNA Watson-Crick pairs. 

Figure S4-6. Endpoints Comparison of two groups. (a) FE-primer group, and (b) FL-primer group. 



2) Regarding the second point, while neural network-based primer design can indeed yield useful results, it often 
requires large training datasets. Neural networks demand vast amounts of data for learning; otherwise, the model may 
generate biased features based on the training set, leading to overfitting and reduced generalizability. As more data 
becomes available, accuracy may improve, but currently, it is not feasible to generate such large-scale PCR data. 
Additionally, due to the "black box" nature of neural networks, it is challenging to ensure that all primers satisfy strict 
design criteria, such as primer dimer screening. In contrast, our method is based on experimentally verified features 
and well-established PCR principles, providing an intuitive reflection of PCR efficiency. Our approach, grounded in well-
established theoretical principles, offers strong interpretability and ensures that all primers strictly adhere to the design 
criteria. 

3) Lastly, unlike conventional genomic PCR, primer design in DNA storage does not depend on fixed template 
sequences and is subject to biological limitations like DNA synthesis and sequencing. To our knowledge, there is no 
high-throughput, bias-free PCR amplification model for DNA storage. To address this, we constructed a PCR 
amplification model based on the thermodynamics and kinetics of primer hybridization, further combined with enzyme 
extension, leading to optimal thermodynamic parameters. Notably, compared to traditional fixed-length designs, our 
fixed-energy approach allows for the generation of a significantly larger number of primers. Through strict free energy 
control and filters for GC content, homopolymer, sequence secondary structure, etc., we achieved bias-free 
amplification. We hope this provides a clearer understanding of how our work represents an advancement over previous 
methodologies. 

Reference: 
[2]. Song, P., et al., Selective multiplexed enrichment for the detection and quantitation of low-fraction DNA variants via 
low-depth sequencing. Nat. Biomed. Eng., 2021. 5(7): p. 690-701. 
[3]. Xie, N.G., et al., Designing highly multiplex PCR primer sets with Simulated Annealing Design using Dimer 
Likelihood Estimation (SADDLE). Nat. Commun., 2022. 13(1). 
[4]. SantaLucia, J. and D. Hicks, The Thermodynamics of DNA Structural Motifs. Annual Review of Biophysics and 
Biomolecular Structure, 2004. 33(1): p. 415-440. 
[5]. Wang, C., J.H. Bae and D.Y. Zhang, Native characterization of nucleic acid motif thermodynamics via non-covalent 
catalysis. Nat. Commun., 2016. 7(1). 

2. The results of the fixed-energy approach should be directly compared with those obtained using existing methods to 
highlight the significance of the research. For instance, the study by Lee Organick et al. (Nat. Biotechnol. 2018) employs 
similar filters for primer design based on melting temperature rather than hybridization energy, and also results in 
accurate data decoding.  

Response: Thank you for your suggestion. The work by Lee Organick et al., published in Nature Biotechnology in 2018, 
represents a significant milestone in the field of DNA storage, successfully encoding over 200 MB of data. In their 
approach, they also employed a primer design strategy based on melting temperature filters, which, like our method, 
enabled accurate data decoding. However, our study reveals a key difference: the homogeneity of sequencing results 
in their method differs by two orders of magnitude (Fig. R1). While it can still achieve accurate decoding, this generally 
requires higher sequencing coverage due its inhomogeneity. In contrast, our method exhibits more uniform sequencing 
results (Fig. 4b, top), allowing for accurate decoding even at lower sequencing depths, which underscores the 
advantages of our hybridization energy-based primer design approach. 

Figure R1. Sequencing homogeneity results for primers designed based on melting temperature. This result is from Figure 2a of the 
article by Lee Organick et al. published in Nature Biotechnology in 2018. 



Figure 4b. Coverage comparison between FE-primers and FL-primers.

3. The study does not present any statistical analyses to evaluate the significance of the results, which should be 
included for quantitative comparisons of different groups. 

Response: Thank you for your valuable suggestion. We have now incorporated a statistical significance analysis in 
Figure 4c to highlight the differences between the two groups. The updated version is provided below: 

Fig. 4c, Che]+6. [Zl^ i^gZemr h_ CB+ikbf^kl Zg] CI+ikbf^kl, Che]+6. [Zl^ i^gZemr bl Z f^mkb\ nl^] mh Zll^ll \ho^kZ`^ ngb_hkfbmr bg
l^jn^g\bg` ^qi^kbf^gml, Fm bg]b\Zm^l ahp fn\a fhk^ l^jn^g\bg` bl g^^]^] _hk 6.$ h_ ma^ mZk`^ml mh k^Z\a ma^ f^Zg \ho^kZ`^, Qa^
\ehl^k ma^ Che]+6. [Zl^ i^gZemr bl mh /* ma^ [^mm^k ma^ \ho^kZ`^ ngb_hkfbmr, AZmZ Zk^ ik^l^gm^] Zl f^Zg�w�lmZg]Zk] ^kkhk* pbma g�;�0 _hk
^Z\a `khni, PmZmblmb\Ze lb`gb_b\Zg\^ pZl ]^m^kfbg^] nlbg` Zg bg]^i^g]^gm mph+lZfie^ m+m^lm, >lm^kbldl ]^ghm^ e^o^el h_ lmZmblmb\Ze
lb`gb_b\Zg\^ &( ]^ghm^l i�:�.,.3',

4. To prove that homogenous amplification is independent of initial template concentrations, PCR experiments should 
be conducted using various initial concentrations of the plasmid. 

Response: Thank you for your suggestion. We conducted PCR experiments using plasmid templates of 600,000, 
60,000, and 6,000 copies/rxn. The results indicate that while lower template concentrations affect the Ct values, overall, 
the FE primers exhibit very uniform amplification, whereas the FL primers show some degree of variability (Fig. S4-3 
and Fig. S4-4). 

Figure S4-3. Amplification results of two sets of primers at different initial concentrations of plasmids. BZ\a `khni \hfikbl^]
lbq ikbf^k iZbkl* pbma ^Z\a ikbf^k iZbk k^i^Zm^] mak^^ mbf^l,



Figure S4-4. PCR amplification curves of two groups at different initial concentrations of plasmids. &Z' CB+ikbf^k `khni* Zg]
&[' CI+ikbf^k `khni,

5. Even a library of 16,095 primers seems insufficient for storing significant amounts of data. This limitation, along with 
challenges related to inaccurate oligo synthesis, suggests that DNA information storage is still more of a concept than 
a viable storage system. Therefore, the authors should discuss future plans and strategies to address these challenges. 

Response: Thanks to your suggestion. While we generated tens of thousands of primers, which is higher compared 
to other works, it is indeed still insufficient for large-scale DNA storage. We have now expanded the discussion section 
to the limitations of the current approach and the potential strategies for overcoming these obstacles in future research. 
The updated text is provided below: 

While the MPHAC-DIS method is effective for DNA information storage, it does have certain limitations. Firstly, although we optimized 
and generated a library comprising tens of thousands of primer pairs through our primer design workflow, practical wet-lab experiments 
face challenges in handling such a large number simultaneously, which can lead to non-specific amplification and primer dimer 
formation. Beyond algorithmic solutions, primer dimers and longer non-specific amplicons can be reduced using size selection with 
magnetic beads and enzymatic cleavage. Secondly, even tens of thousands of primer pairs are insufficient for large-scale DNA storage. 
Future advancements will require faster algorithms and methods capable of generating primers with higher capacity. Additionally, 
techniques such as isothermal amplification can be employed to improve access accuracy during random access, and physical 
addressing remains a viable option. Finally, biases introduced during the DNA synthesis stage can affect the reliability of the storage 
system. To mitigate this, we can introduce error correction codes and incorporate partial redundancy to ensure decoding accuracy. 
Moreover, there is a need to develop more economical and higher-quality DNA synthesis techniques, such as enzymatic synthesis. 

To improve comprehension of the material, several adjustments are recommended: 
6. Key information, such as the encoding-decoding strategy, should be incorporated into the main text to ensure clarity 
for readers. 



Response: Thank you for your suggestion. We have incorporated the information of the encoding-decoding strategy 
into the main text and provided references to the supplementary information. Below is our revised text: 

To further validate the effectiveness of MPHAC, we implemented it in DNA information storage (MPHAC-DIS) (Supplementary Section 
5). Since all files are fundamentally binary data, during the DNA storage encoding phase, we converted 1 byte (8 bits) of binary 
information into 5 nucleotides based on a predefined transcoding table (Fig. S5-2). Primer binding regions were then appended to 
both ends of the information sequence to enable random access (Fig. S5-3). In MPHAC-DIS, 35,406 DNA oligos were synthesized to 
achieve the concurrent encoding and storage of multimodal data, encompassing texts, images, and videos. During the decoding 
process, the most plausible sequences were selected for information retrieval using frequency statistics (Fig. S5-7). Supplementary 
Section 6 showed the detailed file information and access combinations. 

7. Terms like "fold-80 base penalty" and "Ct-value" should be defined to make the content accessible to a broader 
audience. 

Response: Thank you for your suggestion. We have now added definitions for the terms "fold-80 base penalty" and 
"Ct-value" in the captions to ensure the content is more accessible to a broader audience. Here is the updated version: 

fold-80 base penalty: Fold-80 base penalty is a metric used to assess coverage uniformity in sequencing experiments. 
It indicates how much more sequencing is needed for 80% of the targets to reach the mean coverage. The closer the 
Fold-80 base penalty is to 1, the better the coverage uniformity. (Fig. 4c caption) 

Ct value: Here, Ct value (Cycle threshold value) represents the cycle number at which the fluorescence signal exceeds 
a defined threshold, indicating the presence of the target. Theoretically, identical concentrations of the target should 
result in the same Ct value. (Fig. 3i caption) 

8, Qa^ m^kf }ikbf^k~ bl bg\hglblm^gmer nl^] mh k^_^k mh [hma Z l^`f^gm h_ Z m^fieZm^ Zg] ma^ ikbf^k bml^e_, Qa^l^ lahne]
be clearly differentiated as reverse complementary sequences to avoid confusion. 

Response: Thank you for your suggestion. We have now distinguished between the terminology "primer" and "primer 
binding region" throughout the manuscript to clearly differentiate between the primer itself and the corresponding 
segment of the template. We have updated the terminology consistently across the entire text. 

9, M,4 }Dbo^g ma^ mrib\Zeer ehp bgbmbZe \hg\^gmkZmbhg h_ ma^ m^fieZm^ ]nkbg` Z\mnZe M@O* p^ lbfneZm^] ma^ ar[kb]bsZmbhg
rb^e] h_ ikbf^kl pa^g > << ?,~ Qa^ ]^lb`gZmbhgl #># Zg] #?# Zk^ ghm \e^Zker identified in the text. 

Response: Thank you for pointing this out. In the context of our discussion, A refers to the primer, and B denotes the 
reverse complementary sequence of the primer. We have now added a schematic representation in supplementary 
materials (Fig. S4-2) and added these definitions to the figure caption for clarity. Here is the updated version: 

Figure S4-2. Schematic representation of the sequence represented by A and B in Figure 3.



Fig. 3 | Parameters optimization of MPHAC. a-c, PbfneZm^] k^lneml h_ Zfieb_b\Zmbhg ^__b\b^g\r &a'* li^\b_b\bmr &b' Zg] h]]l kZmbh &LO'

&c' ng]^k ]b__^k^gm ikbf^k _k^^ ^g^k`b^l [Zl^] hg ma^ ma^hk^mb\Ze fh]^e, A^mZbel h_ ma^ fh]^e \hglmkn\mbhg Zk^ ikhob]^] bg

Pniie^f^gmZkr P^\mbhg 1, Qa^ pabm^ ]Zla^] [hq k^ik^l^gml ma^ _k^^ ^g^k`r kZg`^ _hk 6.$ h_ CI+ikbf^kl bg /..*...+ie^q ikbf^k iZbkl,

>fieb_b\Zmbhg ^__b\b^g\r ihlbmbo^er \hkk^eZm^l pbma _k^^ ^g^k`r* pabe^ li^\b_b\bmr ^qab[bml ma^ hiihlbm^ mk^g], T^ \hglb]^k^] ma^

Zfieb_b\Zmbhg ^__b\b^g\r Zg] li^\b_b\bmr mh`^ma^k [r LO* Zg] ma^ k^lneml ln``^lm maZm ma^ ikbf^k _k^^ ^g^k`r \Zg [^ himbfbs^] Zkhng] +

//,3 d\Ze fhe+/, d. e, LO oZen^l ng]^k ]b__^k^gm e^g`ma CI+ikbf^kl Zg] CB+ikbf^kl &d' Zg] ]b__^k^gm ikbf^k _k^^ ^g^k`b^l &e', E^k^* ma^

\h^__b\b^gm h_ oZkbZmbhg &@S' bl Z f^Zlnk^ h_ ma^ k^eZmbo^ ]bli^klbhg h_ Z ]ZmZ l^m* ^qik^ll^] Zl ma^ kZmbh h_ ma^ lmZg]Zk] ]^obZmbhg mh

ma^ f^Zg, f, Mkbf^k e^g`ma Zg] _k^^ ^g^k`r ]blmkb[nmbhg, Pbq l^ml h_ CB+ikbf^kl Zg] lbq l^ml h_ CI+ikbf^kl p^k^ ]^lb`g^] [Zl^] hg

ieZlfb] l^jn^g\^l, g, Jhgbmhkbg` ikbf^k ar[kb]bsZmbhg _enhk^l\^g\^ dbg^mb\l nlbg` U+ikh[^, Bqi^kbf^gmZe ]ZmZ Zk^ k^ik^l^gm^] [r

]hml* Zg] lbfneZm^] ]ZmZ bl ]^ib\m^] [r ebg^l, h, PbfneZm^] ar[kb]bsZmbhg rb^e]l _hk ikbf^kl pa^g >;? &e^_m' Zg] ><<? &kb`am', E^k^* >

k^_^kl mh ma^ ikbf^k* Zg] ? ]^ghm^l ma^ k^o^kl^ \hfie^f^gmZkr l^jn^g\^ h_ ma^ ikbf^k &m^fieZm^', > ]^mZbe^] l\a^fZmb\ k^ik^l^gmZmbhg

\Zg [^ l^^g bg Cb`, P2+0, Qa^ kZg`^ h_ ar[kb]bsZmbhg rb^e]l _hk CB+ikbf^kl bl \hglb]^kZ[er gZkkhp^k &ibgd' maZg maZm h_ CI+ikbf^kl

&[en^', i, M@O k^lneml _hk CB+ Zg] CI+ikbf^kl, Bkkhk [Zkl k^ik^l^gm ma^ k^lneml h_ mak^^ iZkZee^e ^qi^kbf^gml, E^k^* @m oZen^ &@r\e^

mak^lahe] oZen^' k^ik^l^gml ma^ \r\e^ gnf[^k Zm pab\a ma^ _enhk^l\^g\^ lb`gZe ^q\^^]l Z ]^_bg^] mak^lahe]* bg]b\Zmbg` ma^ ik^l^g\^

h_ ma^ mZk`^m, Qa^hk^mb\Zeer* b]^gmb\Ze \hg\^gmkZmbhgl h_ ma^ mZk`^m lahne] k^lnem bg ma^ lZf^ @m oZen^,

10, M,3 }?Zl^] hg ma^ ma^hk^mb\Ze fh]^e* p^ ^qiehk^] Zfieb_b\Zmbhg ^__b\b^g\r Zg] li^\b_b\bmr ng]^k ]b__^kent primer free 
^g^k`b^l,~ Qa^hk^mb\Ze fh]^e lahne] [^ lniie^f^gm^] pbma Z [kb^_ ]^l\kbimbhg hk Zm e^Zlm Z k^_^k^g\^ mh ma^
supplementary information. 

Response: We have added a brief description of the theoretical model along with a reference to the supplementary 
information for further details. Here is the updated text: 

Based on the theoretical model that primarily considers primer hybridization and extension (Supplementary Section 3), we explored 
amplification efficiency and specificity under different primer free energies. 

11. The description of Fig. 5e seems to have mixed-up labels (decoding images and restored images) 
Several points also require further clarification: 

Response: Thank you for pointing out the mislabeling issue. We have corrected the mixed-up labels in the description 
of Fig. 5e. Below is the revised version: 



Fig. 5 | Study of MPHAC-DIS using ultra-low coverage sequencing. a, Qa^ Zfieb_b^] eb[kZkb^l p^k^ l^kbZe ]benm^] [^_hk^ l^jn^g\bg`*

Zg] ma^g fbq^] mh`^ma^k _hk l^jn^g\bg`, CbgZeer* eb[kZkb^l pbma ]b__^k^gm l^jn^g\bg` ]^imal p^k^ h[mZbg^] [r ]^fnembie^qbg` ma^

l^jn^g\bg` k^lneml, b, A^glbmr ]blmkb[nmbhg h_ ma^ ^qZ\m fZm\abg` l^jn^g\^l, Qa^ k^] Zg] [en^ ]Zla^] ebg^l bg]b\Zm^ ma^ f^]bZg

gnf[^k h_ i^k_^\m \Zeel ng]^k ma^ CB+]^lb`g Zg] ma^ CI+]^lb`g* k^li^\mbo^er, c, A^\h]bg` Z\\nkZ\r _hk ^Z\a eb[kZkr _be^, Qa^ k^] Zg]

[en^ ]Zla^] ebg^l bg]b\Zm^ ma^ Zo^kZ`^ ]^\h]bg` \hkk^\m kZm^ _hk ma^ CB+]^lb`g o^klnl ma^ CI+]^lb`g* k^li^\mbo^er, d, FfZ`^ k^lmhkZmbhg

lmkZm^`r ^fiehrbg` Z \hgohenmbhgZe g^nkZe g^mphkd, e, A^\h]bg` k^lneml h_ JI bfZ`^ pbmahnm k^lmhkZmbhg &e^_m' Zg] ma^ k^lneml pbma

k^lmhkZmbhg &kb`am', f, @hfiZkblhg h_ ma^ \hkk^lihg]bg` lmkn\mnkZe lbfbeZkbmr bg]^q f^Zlnk^ &PPFJ* Z f^mkb\ nl^] mh f^Zlnk^ ma^

lbfbeZkbmr [^mp^^g mph bfZ`^l' h_ JI bfZ`^ [^_hk^ &p-h k^l,' Zg] Z_m^k k^lmhkZmbhg &pbma k^l,', Qa^ PPFJ oZen^l bg]b\Zm^ ma^ lbfbeZkbmr

h_ ^Z\a bfZ`^ mh ma^ hkb`bgZe bfZ`^, Qa^ k^lnem k^o^Zel maZm ma^ bfZ`^ k^lmhkZmbhg m^\agbjn^ aZl Z fhk^ ikhghng\^] bfiZ\m Zm ehp^k

l^jn^g\bg` ]^imal, g, Cbmmbg` k^lneml _hk ma^ jnZebmr h_ ]^\h]^] bfZ`^l pbma Zg] pbmahnm bfZ`^ k^lmhkZmbhg Zm ehp^k l^jn^g\bg` ]^imal,

Rlbg` PPFJ < .,3 Zl ma^ mak^lahe]* Z l^jn^g\bg` ]^ima h_ /7� bl g^\^llZkr [^_hk^ bfZ`^ k^lmhkZmbhg, Ehp^o^k* pbma bfZ`^ k^lmhkZmbhg*

Z l^jn^g\bg` ]^ima h_ hger /� bl g^^]^]* lahp\Zlbg` ma^ ^__b\Z\r h_ bfZ`^ k^lmhkZmbhg m^\agheh`r bg _nkma^k k^]n\bg` l^jn^g\bg`

\hlml,

12. Table S6-2 lists various libraries without describing the differences between similar ones (e.g., lib1 vs. lib7; lib6 vs. 
lib8).  

Response: Thank you for your comment. The differences between lib1 vs. lib7 and lib6 vs. lib8 represent two sets of 
parallel replicated experiments. These experiments were conducted to verify reproducibility and consistency under 
identical conditions. We have now added a description in the original paper, and the updated explanation is as follows: 

We conducted experiments as shown in Figure 4, creating nine libraries that utilized various primer combinations for random access 
to specific files. These experiments showcased the effective orthogonality of the DNA storage system. Details of the random access 
for each library are documented in Table S6-2. In this context, lib1 vs. lib7 and lib6 vs. lib8 are two sets of parallel replicated 
experiments performed under identical conditions to assess the reproducibility and consistency of the results.



13. The detailed description of the image recovery algorithm is missing and should be included to provide a complete 
understanding of the methodology used. 

Response: Thank you for your valuable suggestion. In response, we have added a detailed description of the image 
recovery algorithm in Section S10 of the Supplementary Information. This section provides a comprehensive 
explanation of our two-stage image inpainting process, including the use of a Convolutional Neural Network (CNN) for 
initial filling and a contextual attention mechanism for refining results. We hope this addition provides a clearer 
understanding of our methodology. 

Section S10 Image Restoration Model

Qa^ bfZ`^ k^lmhkZmbhg fh]^e ikhihl^l Z mph+lmZ`^ bfZ`^ bgiZbgmbg` ikh\^ll Zbf^] Zm ^__^\mbo^er _beebg` bg fbllbg` k^`bhgl pbmabg

Zg bfZ`^ &Cb`, P/.+/', PmZ`^ / ^fiehrl Z @hgohenmbhgZe K^nkZe K^mphkd &@KK' mh i^k_hkf Zg bgbmbZe* khn`a _beebg` h_ ma^ fbllbg` Zk^Zl,

Tabe^ ma^ \hgmbgnhnl @KK ik^]b\ml ma^ fbllbg` iZkml* bm h_m^g ikh]n\^l Z [enkk^] hnminm, PmZ`^ 0 ^gaZg\^l ma^ \hZkl^ k^lneml makhn`a

mph ]blmbg\m lmkZm^`b^l, Cbklm* Zg ZgZeh`hnl \hgohenmbhgZe hi^kZmbhg bl Ziieb^] mh _nkma^k k^_bg^ ma^ _bee^] k^`bhgl, P^\hg]* Z \hgm^qmnZe

Zmm^gmbhg f^\aZgblf bl bgm^`kZm^]* pab\a ^gZ[e^l ma^ g^mphkd mh e^o^kZ`^ iZmm^kgl Zg] m^qmnk^l _khf hma^k bgmZ\m Zk^Zl h_ ma^ bfZ`^,

Qabl f^\aZgblf \Zimnk^l \hgm^qmnZe bg_hkfZmbhg _khf ma^ ik^l^ko^] k^`bhgl Zg] Ziieb^l bm mh _bee ma^ fbllbg` Zk^Zl pbma fhk^ k^Zeblmb\

]^mZbel,

Figure S10-1. Framework of image restoration model.

Qa^ ]bl\kbfbgZmhk ieZrl Z ibohmZe khe^ bg Zll^llbg` ma^ Znma^gmb\bmr h_ ma^ `^g^kZm^] bfZ`^l [r ]b__^k^gmbZmbg` [^mp^^g k^Ze Zg]

bgiZbgm^] &`^g^kZm^]' bfZ`^l, Fm bl \hglmkn\m^] nlbg` Z l^jn^g\^ h_ \hgohenmbhgZe eZr^kl li^\b_b\Zeer ]^lb`g^] mh ]hpglZfie^ ma^

bginm bfZ`^ pabe^ ikh`k^llbo^er ^qmkZ\mbg` k^e^oZgm _^Zmnk^l, Tbmabg ma^ bgiZbgmbg` _kZf^phkd* ma^ ]bl\kbfbgZmhk bl k^lihglb[e^ _hk

\eZllb_rbg` iZm\a^l _khf [hma ma^ k^Ze bfZ`^ &hkb`bgZe \hgm^gm' Zg] ma^ `^g^kZm^] bfZ`^ &_bee^] k^`bhgl',

Jhk^ho^k* ma^ fh]^e nmbebs^l fZldl ]^kbo^] _khf AK> lmhkZ`^ ]^\h]bg` k^lneml mh ^gaZg\^ eh\ZebsZmbhg Z\\nkZ\r, Rgebd^

\hgo^gmbhgZe fZldl* pab\a fZr [^ `^g^kZm^] kZg]hfer hk fZgnZeer* ma^ AK> ]^\h]bg` k^lneml rb^e] Z fhk^ bg_hkfZmbo^ fZld, Qabl

Z]oZg\^f^gm _Z\bebmZm^l bfikho^] eh\ZebsZmbhg h_ Zk^Zl k^jnbkbg` k^iZbk Zg] b]^gmb_b\Zmbhg h_ h\\en]^] k^`bhgl, Qabl ]^lb`g lmkbo^l mh

bg\hkihkZm^ Zl fZgr Z\\nkZm^ ibq^el Zl ihllb[e^ ]nkbg` ma^ e^Zkgbg` iaZl^* ma^k^[r ^gZ[ebg` ma^ `^g^kZmhk mh fhk^ ^__^\mbo^er e^Zkg

ma^ lmkn\mnk^l Zg] _^Zmnk^l h_ ngh\\en]^] Zk^Zl pabe^ fbgbfbsbg` ngg^\^llZkr ^kkhk ikhiZ`Zmbhg,



Responses to Reviewer #3 

Summary and recommendation: This manuscript introduces MPHAC-DIS, a novel strategy for DNA-based information 
storage that utilizes simulation-guided primer design to achieve unbiased and efficient amplification. The authors 
demonstrate remarkable results, showcasing simultaneous access to diverse multimedia files with high accuracy even 
at very low sequencing depths. The study is well-presented and comprehensive, making it accessible to a broad 
audience, including those interested in DNA storage and DNA design. I recommend minor revisions before accepting 
this paper in Nature Communications. 

Response: Thank you for your positive feedback on our study. We appreciate your recognition of the significance of 
our work in the context of DNA data storage. Your suggestions have been effective in improving our work. Below are 
our point-by-point responses to your comments, with the response content in regular font size and the article content 
in a smaller font size, where original text is in blue and modified content is highlighted in red: 

Specific Changes/Suggestions for Revisions: 

v Chk ma^ ^qi^kbf^gmZe oZeb]Zmbhg h_ ma^ lmkZm^`r8 Z ]^mZbe^] ^kkhk kZm^ ZgZerlbl Zg] ehg`-term stability, particularly at low 
sequencing depths, is valuable to build a better understanding of the types and sources of errors will aid in developing 
error-correction strategies. The authors have those sections buried in SI, they should consider incorporating those 
discussions from the Supplementary Information into the main manuscript, or within the methodology section. 

Response: Thank you for your suggestion. We have now incorporated the discussion on error analysis and sources 
of errors into the results section of the main manuscript. Below is the updated text: 

T^ Zelh \hg]n\m^] Z ]^mZbe^] ^kkhk ZgZerlbl h_ JME>@+AFP &Pniie^f^gmZkr P^\mbhg 6', Fg ma^ l^jn^g\bg` k^lneml* ZiikhqbfZm^er 6.$
h_ ma^ k^Z]l p^k^ \hfie^m^er \hkk^\m* pabe^ ^kkhkl ^qblm^] bg 0.$ h_ ma^ k^Z]l &Cb`, P5+0', >fhg` ma^ ^kkhg^hnl l^jn^g\^l* lhf^
Zii^Zk^] bg fnembie^ ^qi^kbf^gml &Cb`, P6+/', >]]bmbhgZeer* pbmabg ma^ ^kkhk l^jn^g\^l* \^kmZbg l^jn^g\^l laZk^] ma^ lZf^ iZrehZ]l
&Cb`, P6+3 mh P6+6'* Zg] fhlm h_ ma^l^ iZrehZ]l aZ] k^eZmbo^er ab`a D@ \hgm^gm &<33$* Cb`, P6+0', Qa^l^ l^jn^g\^l h_m^g _hkf^]
l^\hg]Zkr lmkn\mnk^l ^bma^k pbmabg ma^ iZrehZ]l ma^fl^eo^l hk pbma ma^ ikbf^k [bg]bg` k^`bhgl &Cb`, P6+3 Zg] P6+6 mh P6+/.', Cnkma^k
ZgZerlbl h_ ma^ k^eZmbhglabi [^mp^^g ^kkhkl Zg] [Zl^ ihlbmbhgl k^o^Ze^] maZm ma^ ebd^ebahh] h_ ^kkhkl bg\k^Zl^] mhpZk] ma^ 1% ^g] h_ ma^
l^jn^g\bg` k^Z]l &Cb`, P6+/1 Zg] P6+/2', Qabl fZr [^ k^eZm^] mh ma^ ab`a^k ^kkhk kZm^l Zllh\bZm^] pbma AK> lrgma^lbl Zg] l^jn^g\bg`
Zm ehg`^k e^g`mal, E^k^* bm�l ghm^] maZm l^jn^g\bg` k^Z]l Zk^ k^o^kl^ \hfie^f^gml h_ ma^ lrgma^lbs^] l^jn^g\^l* ^kkhkl bgmkh]n\^]
Zm ma^ 3% ^g] h_ ma^ lrgma^lbs^] AK> Zii^Zk Zm ma^ 1% ^g] h_ ma^ l^jn^g\bg` k^Z]l, Ta^g ZgZersbg` ma^ mri^l h_ ^kkhkl* p^ _hng] maZm
lbg`e^+[Zl^ ln[lmbmnmbhgl p^k^ ma^ fhlm \hffhg* pbma D<Q ln[lmbmnmbhgl [^bg` ma^ fhlm _k^jn^gm &Cb`, 2_', Lnk k^lneml Zk^ \hglblm^gm
pbma Bkeb\a%l _bg]bg`l* Zg] jnZgmb_rbg` ^kkhkl a^eil bg ng]^klmZg]bg` ma^bk lhnk\^l Zl p^ee Zl \hkk^\mbg` ma^f/0*11,

v >]]bmbhgZe lmhkZ`^ \hg]bmbhg m^lmbg`8 Tabe^ ma^ \nkk^gm lmn]r ^oZenZm^l [n__^k oZkbZmbhgl* bm%ee [^ important to expand 
testing or discussion to explore the system's performance under different temperatures, assess the impact of varying 
humidity levels on DNA stability, evaluate the effects of UV light exposure, particularly for long-term storage scenarios, 
and the potential of dry storage conditions, as explored in this example https://www.nature.com/articles/s41467-019-
09517-y. Note that I am not affiliated with this study, but it's worth considering how extreme storage conditions could 
impact the DNA storage system's performance and data integrity. Evaluating/discussing its resilience under such 
conditions is essential for real-world applications. 

Response: Thank you for your suggestion. In response, we have added a section in the results discussing the impact 
of environmental factors|such as temperature, humidity, and UV light exposure|on the long-term stability of DNA 
data storage. We have also explored potential strategies to enhance the system's resilience under extreme storage 
conditions. We hope this addition provides a more comprehensive understanding of the system's durability in real-world 
applications. Below is the updated text: 

Bgobkhgf^gmZe _Z\mhkl Zk^ Zelh \kbmb\Ze mh ma^ ehg`+m^kf lmZ[bebmr h_ AK> ]ZmZ lmhkZ`^ lrlm^fl, Q̂ fi^kZmnk^ _en\mnZmbhgl* _hk bglmZg\^*

\Zg Z\\^e^kZm^ AK> ]^`kZ]Zmbhg* pbma ab`a^k m^fi^kZmnk^l ^qZ\^k[Zmbg` ar]khermb\ Zg] hqb]Zmbo^ ]ZfZ`^ mh AK> lmkZg]l, Enfb]bmr

Zelh ieZrl Z lb`gb_b\Zgm khe^ bg AK> bgm^`kbmr* Zl ^q\^llbo^ fhblmnk^ bgmkh]n\^l pZm^k fhe^\ne^l maZm ikhfhm^ ar]kherlbl* nembfZm^er

e^Z]bg` mh ]ZmZ ehll, Cnkma^kfhk^* ^qm^g]^] ^qihlnk^ mh RS eb`am \Zg mkb``^k marfbg^ ]bf^k _hkfZmbhg Zg] hma^k iahmh\a^fb\Ze

k^Z\mbhgl* _nkma^k \hfikhfblbg` ma^ lmhk^] AK>, Pmn]b^l aZo^ ]^fhglmkZm^] maZm ]kr lmhkZ`^* iZkmb\neZker pa^g nlbg` ^g\ZilneZmbhg

m^\agbjn^l* \Zg ^__^\mbo^er fbmb`Zm^ ma^l^ kbldl [r \k^Zmbg` Z lmZ[e^* bg^km ^gobkhgf^gm maZm lab^e]l AK> _khf ^qm^kgZe _Z\mhkl,

>]]bmbhgZeer* _hk AK> ihhel pa^k^ lhf^ ]ZfZ`^ aZl h\\nkk^]* ]ZmZ k^lmhkZmbhg m^\agbjn^l h__^k Zghma^k lhenmbhg, Qa^ \hf[bgZmbhg h_

ik^l^koZmbhg lmkZm^`b^l pbma k^lmhkZmbhg f^mah]l a^eil mh ^glnk^ Z fhk^ kh[nlm AK> lmhkZ`^ lrlm^f,



v Benchmarking/Comparative analysis: A significant drawback of the paper is the comparison with only one prior method 
(fixed 20nt primers), which the authors acknowledge isn't the only approach used in the past. Can the authors expand 
the analysis to include a wider range of existing primer design strategies, including those that consider factors like Tm 
(melting temperature). This would provide a more comprehensive understanding of its advantages and limitations in 
terms of storage density, retrieval accuracy, cost, and scalability (providing a comparative table like Table S1 including 
all these variables would help).  

Response: Thank you for your insightful comment. In response, we have expanded our analysis to include a 
comparative evaluation of various primer design strategies, specifically addressing both fixed length with constrained 
melting temperatures and our fixed energy approach. We included a new table (Table S3-1) that details the simulated 
performance of these designs, demonstrating our method's superiority in terms of primer capacity and amplification 
homogeneity. The results indicate that designs based on fixed energy yield a significantly higher primer capacity and 
maintain consistent efficiency and correctness. We hope this addition provides a more comprehensive understanding 
of the advantages and limitations of our approach. 

Table S3-1 Simulated performance comparison between two designs

FL+Tma FEb

Primer capacityc 2.53×1011 1.67×1014

Efficiency range 78.2%-100% >99% 

Correct ratiod 87.08% 100% 

Fold-80 base penalty 1.28 1 

Z CI)Qf bl ]^_bg^] a^k^ Zl Z _bq^] e^g`ma h_ 0. gm* pbma ma^ Qf oZen^ \hglmkZbg^] [^mp^^g 33u@ Zg] 4.u@, Qabl lmZg]Zk] bl ]^kbo^]

_khf ma^ phkd h_ I^^ Lk`Zgb\d ^m Ze/,

[ CB k^_^kl mh ma^ ebfbmZmbhg h_ ma^ Db[[l _k^^ ^g^k`r \aZg`^* l^m [^mp^^g +/.,3 d\Ze fhe'� Zg] +/0,3 d\Ze fhe'�,

\ Mkbf^k \ZiZ\bmr bl ]^_bg^] Zl ma^ fZqbfnf gnf[^k h_ ikbf^kl maZm \Zg [^ `^g^kZm^], FgbmbZeer* p^ `^g^kZm^ /.*... kZg]hf ikbf^kl

Zg] \Ze\neZm^ ma^ i^k\^gmZ`^ maZm iZll^l ma^ _bem^k* pab\a bl ma^g nl^] mh ]^kbo^ ma^ ikbf^k \ZiZ\bmr,

] @hkk^\m kZmbh bg]b\Zm^l ma^ i^k\^gmZ`^ h_ ln\\^ll_neer ]^\h]^] _be^l, Chk mabl ZgZerlbl* p^ aZo^ ^lmZ[ebla^] Z l^jn^g\bg` ]^ima h_

3.� Zg] 1.� \ho^kZ`^ Zl ma^ mak^lahe] _hk ln\\^ll_ne ]^\h]bg`,

Reference: 
[1]. Organick, L., et al., Random access in large-scale DNA data storage. Nat. Biotechnol., 2018. 36(3): p. 242-248. 



v O^lneml Cb`nk^ 1 Zg] 28 Qa^r Zk^ o^kr \hfik^a^glbo^ Zg] \e^Zk [nm \hglb]^k Z]]bg` ma^ coefficient of variance (CV) 
to plot (d) and the curve in section (i), it would help quantify the variance between the two methods. Similarly, consider 
adding them to the histograms in Figure 4e and other relevant figures. 
Also, could the "A>>B" and "A=B" cases in section (h) be experimentally validated and compared to the theoretical 
predictions? 

Response: Thank you for your valuable suggestion. In response to your first point, we have added the CV values to 
the relevant figure to help quantify the variance between the two methods. The updated version is provided below: 

Fig. 3 | Parameters optimization of MPHAC. a-c, PbfneZm^] k^lneml h_ Zfieb_b\Zmbhg ^__b\b^g\r &a'* li^\b_b\bmr &b' Zg] h]]l kZmbh &LO'

&c' ng]^k ]b__^k^gm ikbf^k _k^^ ^g^k`b^l [Zl^] hg ma^ ma^hk^mb\Ze fh]^e, A^mZbel h_ ma^ fh]^e \hglmkn\mbhg Zk^ ikhob]^] bg

Pniie^f^gmZkr P^\mbhg 1, Qa^ pabm^ ]Zla^] [hq k^ik^l^gml ma^ _k^^ ^g^k`r kZg`^ _hk 6.$ h_ CI+ikbf^kl bg /..*...+ie^q ikbf^k iZbkl,

>fieb_b\Zmbhg ^__b\b^g\r ihlbmbo^er \hkk^eZm^l pbma _k^^ ^g^k`r* pabe^ li^\b_b\bmr ^qab[bml ma^ hiihlbm^ mk^g], T^ \hglb]^k^] ma^

Zfieb_b\Zmbhg ^__b\b^g\r Zg] li^\b_b\bmr mh`^ma^k [r LO* Zg] ma^ k^lneml ln``^lm maZm ma^ ikbf^k _k^^ ^g^k`r \Zg [^ himbfbs^] Zkhng] +

//,3 d\Ze fhe+/, d. e, LO oZen^l ng]^k ]b__^k^gm e^g`ma CI+ikbf^kl Zg] CB+ikbf^kl &d' Zg] ]b__^k^gm ikbf^k _k^^ ^g^k`b^l &e', E^k^* ma^

\h^__b\b^gm h_ oZkbZmbhg &@S' bl Z f^Zlnk^ h_ ma^ k^eZmbo^ ]bli^klbhg h_ Z ]ZmZ l^m* ^qik^ll^] Zl ma^ kZmbh h_ ma^ lmZg]Zk] ]^obZmbhg mh

ma^ f^Zg, f, Mkbf^k e^g`ma Zg] _k^^ ^g^k`r ]blmkb[nmbhg, Pbq l^ml h_ CB+ikbf^kl Zg] lbq l^ml h_ CI+ikbf^kl p^k^ ]^lb`g^] [Zl^] hg

ieZlfb] l^jn^g\^l, g, Jhgbmhkbg` ikbf^k ar[kb]bsZmbhg _enhk^l\^g\^ dbg^mb\l nlbg` U+ikh[^, Bqi^kbf^gmZe ]ZmZ Zk^ k^ik^l^gm^] [r

]hml* Zg] lbfneZm^] ]ZmZ bl ]^ib\m^] [r ebg^l, h, PbfneZm^] ar[kb]bsZmbhg rb^e]l _hk ikbf^kl pa^g >;? &e^_m' Zg] ><<? &kb`am', E^k^* >

k^_^kl mh ma^ ikbf^k* Zg] ? ]^ghm^l ma^ k^o^kl^ \hfie^f^gmZkr l^jn^g\^ h_ ma^ ikbf^k &m^fieZm^', Qa^ kZg`^ h_ ar[kb]bsZmbhg rb^e]l

_hk CB+ikbf^kl bl \hglb]^kZ[er gZkkhp^k &ibgd' maZg maZm h_ CI+ikbf^kl &[en^', i, M@O k^lneml _hk CB+ Zg] CI+ikbf^kl, Bkkhk [Zkl

k^ik^l^gm ma^ k^lneml h_ mak^^ iZkZee^e ^qi^kbf^gml, E^k^* @m oZen^ &@r\e^ mak^lahe] oZen^' k^ik^l^gml ma^ \r\e^ gnf[^k Zm pab\a ma^

_enhk^l\^g\^ lb`gZe ^q\^^]l Z ]^_bg^] mak^lahe]* bg]b\Zmbg` ma^ ik^l^g\^ h_ ma^ mZk`^m, Qa^hk^mb\Zeer* b]^gmb\Ze \hg\^gmkZmbhgl h_ ma^

mZk`^m lahne] k^lnem bg ma^ lZf^ @m oZen^,



Fig. 4 | Homogeneous amplification and lossless index of MPHAC-DIS. AF FODPEFE GJMFT PG NVMUJNPEBM EBUB( JODMVEJOH UFYU( QJDUVSFT( FUD*(

CBTFE PO UIF FODPEJOH QSJODJQMF %?VQQMFNFOUBSZ ?FDUJPO /&* a, ?JNVMUBOFPVT SFUSJFWBM PG 0 EJTUJODU GJMFT JO UIF 6=4 QPPM VTJOH QSJNFS DPNCJOBUJPOT*

@IF UPQ)UP)CPUUPN QSFTFOUBUJPO JODMVEFT PSJHJOBM GJMFT( EFDPEJOH SFTVMUT( BOE UIF EJTUSJCVUJPO PG TFRVFODF DPWFSBHF( XJUI SFE QJYFMT JOEJDBUJOH SFQFBU

SFBET MPXFS UIBO /* =PUBCMZ( UIF TFRVFODF DPWFSBHF XJUIJO FBDI GJMF JT VOJGPSNMZ EJTUSJCVUFE( TIPXDBTJOH FYDFMMFOU JOUSB)GJMF IPNPHFOFJUZ* b,

5PWFSBHF DPNQBSJTPO CFUXFFO 87)QSJNFST BOE 8;)QSJNFST* @IF SFTVMUT JMMVTUSBUF B IJHI EFHSFF PG DPOTJTUFODZ BOE IJHIMJHIUJOH UIF PVUTUBOEJOH

JOUFS)GJMF BNQMJGJDBUJPO IPNPHFOFJUZ PG <>945)6:?* c, 8PME)0+ CBTF QFOBMUZ PG 87)QSJNFST BOE 8;)QSJNFST* 8PME)0+ CBTF QFOBMUZ JT B NFUSJD VTFE

UP BTTFTT DPWFSBHF VOJGPSNJUZ JO TFRVFODJOH FYQFSJNFOUT* :U JOEJDBUFT IPX NVDI NPSF TFRVFODJOH JT OFFEFE GPS 0+$ PG UIF UBSHFUT UP SFBDI UIF

NFBO DPWFSBHF* @IF DMPTFS UIF 8PME)0+ CBTF QFOBMUZ JT UP ,( UIF CFUUFS UIF DPWFSBHF VOJGPSNJUZ* 6BUB BSF QSFTFOUFE BT NFBOg[gTUBOEBSE FSSPS( XJUI

Og3g- GPS FBDI HSPVQ* ?UBUJTUJDBM TJHOJGJDBODF XBT EFUFSNJOFE VTJOH BO JOEFQFOEFOU UXP)TBNQMF U)UFTU* 4TUFSJTLT EFOPUF MFWFMT PG TUBUJTUJDBM

TJHOJGJDBODF %' EFOPUFT Qg2g+*+/&* d, 5PSSFMBUJPO CFUXFFO UIF FYQFSJNFOUBM SBUJPT BOE UIF FYQFDUFE SBUJPT PG WBSJPVT GJMFT* @ISPVHI NVMUJQMF SBOEPN)

BDDFTT FYQFSJNFOUT( XF PCTFSWFE B MJOFBS SFMBUJPOTIJQ CFUXFFO UIF BDUVBM BOE FYQFDUFE SBUJP( QSPWJEJOH BEEJUJPOBM DPOGJSNBUJPO PG UIF JOUFS)GJMF

BNQMJGJDBUJPO IPNPHFOFJUZ PG <>945)6:?* e, 6FDPEJOH BDDVSBDZ DPNQBSJTPO CFUXFFO 87 QSJNFST BOE 8; QSJNFST* @IF DPSSFDU SBUF GPS UIF

NBKPSJUZ PG GJMFT FYDFFET 11$( VOEFSTDPSJOH UIF FYDFQUJPOBM QFSGPSNBODF PG <>945)6:?* f, ?UBUJTUJDT PO UIF GSFRVFODZ PG TFRVFODF FSSPS UZQFT JO

<>945)6:?* 6BUB QPJOUT XFSF PCUBJOFE GSPN UIF SFTVMUT PG .+ MJCSBSJFT*



For the second point, we have experimentally validated the results for the case where A = B (Fig. S4-6), and the 
experimental results are consistent with the simulation results, further confirming the credibility of the simulations. In 
the case of A >> B, the initial concentration of template B is typically very low (e.g. fM level), making it difficult for the 
instrument to detect the signal, which is why we only present simulation results in this instance. However, the 
thermodynamic calculation methods we used have been previously validated1,2, ensuring the accuracy of our calculated 
parameters. Additionally, there is also substantial prior work in this area3,4, providing a solid theoretical foundation that 
supports our conclusions despite the lack of experimental validation for A >> B.

Figure S4-6. Endpoints Comparison of two groups. (a) FE-primer group, and (b) FL-primer group. 

Reference: 
[1]. SantaLucia, J. and D. Hicks, The Thermodynamics of DNA Structural Motifs. Annual Review of Biophysics and 
Biomolecular Structure, 2004. 33(1): p. 415-440. 
[2]. Wang, C., J.H. Bae and D.Y. Zhang, Native characterization of nucleic acid motif thermodynamics via non-covalent 
catalysis. Nature Communications, 2016. 7(1). 
[3]. Zhang, D.Y., S.X. Chen and P. Yin, Optimizing the specificity of nucleic acid hybridization. Nature Chemistry, 2012. 
4(3): p. 208-214. 
[4]. Wang, J.S. and D.Y. Zhang, Simulation-guided DNA probe design for consistently ultraspecific hybridization. Nature 
Chemistry, 2015. 7(7): p. 545-553. 

v Qa^ Pniie^f^gmZkr Fg_hkfZmbhg _be^ bl ^qm^glbo^ Zg]* pabe^ \hfik^a^glbo^* _^^el ebd^ Z l^iZkZm^ iZi^k, It contains 
multiple discussion points that could be integrated into the main manuscript, as noted above. The reference to 5 figures 
(S2-6) on line 94 is an example of how 5 figures are lumped into one reference point and could be confusing and 
overwhelming. This large amount of data in the SI could be streamlined for clarity, ensuring each figure conveys a 
distinct idea. In many instances, the text refers to sections within the SI instead of specific figures. This is unclear for 
the reader and contributes to the perception of the SI as a separate publication rather than supporting material. 

Response: Thank you for your valuable feedback. In response, we have updated the main manuscript to ensure that 
references point to specific figures in the Supplementary Information rather than referring to entire sections. We believe 
this adjustment will streamline the information and improve the overall clarity of the references. We would also like to 
clarify that the reference "S2-6" points specifically to the sixth figure in Section S2, rather than to five separate figures. 
We appreciate your suggestion and hope this revision enhances the readability and better integrates the Supplementary 
Information with the main text. 

v BqiZg] ma^ ]bl\nllbhg hg ma^ ebfitations of the method (where does it break?) and potential areas for future 
improvement.

Response: Thank you for your suggestion. We have expanded the discussion section to explore the limitations of our 
current approach and potential strategies for addressing these challenges in future research. Below is the updated text: 

While the MPHAC-DIS method is effective for DNA information storage, it does have certain limitations. Firstly, although we provide 
a library of tens of thousands of primer pairs for random access, practical wet-lab experiments face challenges in handling such a 
large number simultaneously, which can lead to non-specific amplification and primer dimer formation. Beyond algorithmic solutions, 
primer dimers can be reduced using size selection with magnetic beads and enzymatic cleavage. Secondly, even tens of thousands 
of primer pairs are insufficient for large-scale DNA storage. Future advancements will require faster algorithms and methods capable 
of generating primers with higher capacity. Additionally, techniques such as isothermal amplification can be employed to improve 



access accuracy during random access, and physical addressing remains a viable option. Finally, biases introduced during the DNA 
synthesis stage can affect the reliability of the storage system. To mitigate this, we can introduce error correction codes and incorporate 
partial redundancy to ensure decoding accuracy. Moreover, there is a need to develop more economical and higher-quality DNA 
synthesis techniques, such as enzymatic synthesis.



Response to reviewers' comments: 

We sincerely thank the reviewers for their continued feedback. We appreciate their careful reading and valuable 
suggestions, which have helped us further improve the manuscript. We have addressed the remaining concerns, and 
detailed point-by-point responses are provided below. All changes are highlighted in red. 

Responses to Reviewer #1: 

I appreciate the authors for their careful revision. They have addressed most of my concerns and I believe this work is 
ready for publication. 

Response: Thank you for your encouraging feedback. We are pleased that our revisions have successfully addressed 
your concerns, and we greatly appreciate your support for the publication of our work. 

Additional minor suggestions: 
1. For the original Question 14 regarding the creation of 2D rectangle for text files, please specify the methods in the 
main text, preferably in the Methods section. 

Response: Thank you for your suggestion. In response, we have added the relevant details regarding the creation of 
2D rectangles for text files in the Methods section of the main manuscript. We hope this provides a clearer 
understanding of the methodology used. Here is the updated version: 

Visualization of Sequencing Coverage Results 

To visually represent the sequencing coverage results, we employed the following approach. During the encoding phase, the 
information is split and stored across multiple sequences. After sequencing, the coverage of each sequence is calculated by aligning 
the reads, resulting in an N×1 vector, where N represents the number of sequences. To transform this vector into a two-dimensional 
format, it is rearranged into an M×K matrix, with M and K chosen to suit the visualization needs. For image files, this vector is 
rearranged to match the structure of the original image, allowing the coverage data to align visually with the image layout. Finally, a 
heatmap is generated from this matrix, with each point in the heatmap representing the coverage of a specific sequence, thereby 
providing a clear and intuitive visual representation. 

2. There is a small mistake in Figure S2-6 of the revised version, where the top tick label on the Y-axis should probably 
be 1000000. 

Response: Thank you for pointing out this oversight. We have corrected the Y-axis tick label in Figure S2-6, updating 
it to 1,000,000 to accurately reflect the data. We appreciate your attention to detail. Here is the revised version: 

Figure S2-6. Number of primers remaining after each round of filtering steps. Here, 2,000,000 primers were randomly generated to 
be used as the initial primer pool and 11,335 primers were obtained after 6 rounds of filtering.



Responses to Reviewer #2:

The authors have made substantial improvements to the manuscript, effectively addressing the key concerns raised 
during the initial review. The revised version is now clearer and more cohesive, with enhanced explanations and a more 
streamlined presentation of the methodology. Importantly, the authors have provided more context for their findings, 
which makes the manuscript more compelling and positions it as a significant contribution to the field. 

Response: Thank you for your positive feedback and recognition of the improvements we've made. We are pleased 
that the revised version has clarified our methodology and enhanced the overall cohesion of the manuscript.

However, one aspect still requires further clarification. While an additional check for primer specificity has been 
introduced to ensure orthogonality between primers, the possible occurrence of partially complementary sequences 
within the oligonucleotide outside the primer-binding region remains a concern. The authors should discuss how it might 
impact the uniformity of amplification or propose strategies to mitigate this issue. Once this discussion is addressed, 
the manuscript can be recommended for publication. 

Response: Thank you for your insightful comment. We acknowledge the concern about partially complementary 
sequences outside the primer-binding region and their impact on amplification uniformity. In response, we have added 
a discussion in the manuscript addressing this issue. Here is the updated version: 

While the MPHAC-DIS method is effective for DNA information storage, it does have certain limitations. Firstly, although we optimized 
and generated a library comprising tens of thousands of primer pairs through our primer design workflow, practical wet-lab experiments 
face challenges in handling such a large number simultaneously, which can lead to non-specific amplification and primer dimer 
formation. Beyond algorithmic solutions, primer dimers and longer non-specific amplicons can be reduced using size selection with 
magnetic beads and enzymatic cleavage. Secondly, even tens of thousands of primer pairs are insufficient for large-scale DNA storage. 
Future advancements will require faster algorithms and methods capable of generating primers with higher capacity. Additionally, 
techniques such as isothermal amplification can be employed to improve access accuracy during random access, and physical 
addressing remains a viable option. Thirdly, the potential occurrence of partially complementary sequences within the oligonucleotide 
outside the primer-binding region could also impact the uniformity of amplification. To address this, more flexible encoding strategies 
can be employed to avoid motifs related to primers and their complementary sequences within the payload. Finally, biases introduced 
during the DNA synthesis stage can affect the reliability of the storage system. To mitigate this, we can introduce error correction 
codes and incorporate partial redundancy to ensure decoding accuracy. Moreover, there is a need to develop more economical and 
higher-quality DNA synthesis techniques, such as enzymatic synthesis. 



Responses to Reviewer #3:

The authors have carefully considered and addressed all the points raised. The manuscript has undergone significant 
changes, with improvements in clarity, organization, and scientific rigor. Overall, I think the revisions made the article 
suitable for publication with a great impact on the field and a compelling case for the use of MPHAC-DIS in DNA-based 
information storage. I recommend this manuscript for publication without further changes. 

Response: Thank you very much for your encouraging feedback. We are pleased that the revisions have met your 
expectations and that you recognize the potential impact of our work. We greatly appreciate your recommendation for 
publication.


