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Human genome project-era fluorescent sequencer readout, 
Sanger Institute, Wellcome Image no. B0002668

‣ Measuring and making sequences is central to modern biology.

‣ Evolutionary biology, immunology, oncology, microbiology, therapeutics, ...

‣ This talk is about using probabilistic machine learning to analyze, predict and 

generate sequences



Designing models: from vectors to sequences 

‣ Models of continuous vectors or matrices are ubiquitous and useful.

‣ We want to apply these models to biological sequences.

‣ Problem: data lives in a different space with a different notion of 

distance.

...

Linear regression, Gaussian 
processes, principal 
component analysis, 

independent component 
analysis, ordinary differential 

equations, stochastic 
differential equations, 

variational autoencoders, 
etc.

?
biological sequences 

(individual proteins, RNA, etc.)

3



4

Conventional approach

‣ MSA captures fundamental biology: there are conserved positions 
across similar sequences, and mutations are mainly substitutions and 
indels.


‣ Building models this way violates fundamental statistical 
assumptions: past data changes as more data is added, data 
dimension (the space data lives in) changes as more data is added.

Sequence data Multiple sequence alignment Model aligned sequences

CGCCC

ATGGCTCGAT

ACCTATGAA

CTCAA

ACCATG

Y1
<latexit sha1_base64="COd9bgMQAyQeLiwwoaH4w8aIig0=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGi/ZA2lM120y7dbMLuRCihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LRzdRvPXFtRKwecJxwP6IDJULBKFrp/rHn9Uplt+LOQJaJl5My5Kj3Sl/dfszSiCtkkhrT8dwE/YxqFEzySbGbGp5QNqID3rFU0YgbP5udOiGnVumTMNa2FJKZ+nsio5Ex4yiwnRHFoVn0puJ/XifF8MrPhEpS5IrNF4WpJBiT6d+kLzRnKMeWUKaFvZWwIdWUoU2naEPwFl9eJs1qxTuvVO8uyrXrPI4CHMMJnIEHl1CDW6hDAxgM4Ble4c2Rzovz7nzMW1ecfOYI/sD5/AHdtY2F</latexit>

Y2
<latexit sha1_base64="4cQzjieBS+G8ib5bpdDogP/G1uE=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGi/ZA2lM120y7dbMLuRCihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LRzdRvPXFtRKwecJxwP6IDJULBKFrp/rFX7ZXKbsWdgSwTLydlyFHvlb66/ZilEVfIJDWm47kJ+hnVKJjkk2I3NTyhbEQHvGOpohE3fjY7dUJOrdInYaxtKSQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4ZWfCZWkyBWbLwpTSTAm079JX2jOUI4toUwLeythQ6opQ5tO0YbgLb68TJrVindeqd5dlGvXeRwFOIYTOAMPLqEGt1CHBjAYwDO8wpsjnRfn3fmYt644+cwR/IHz+QPfOY2G</latexit>

Y3
<latexit sha1_base64="eNjw15IPyYN35gfE5jtYW4C1Fd8=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHbBRI9ELx4xysPAhswOvTBhdnYzM2tCCJ/gxYPGePWLvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzcxvPaHSPJYPZpygH9GB5CFn1Fjp/rFX7RVLbtmdg6wSLyMlyFDvFb+6/ZilEUrDBNW647mJ8SdUGc4ETgvdVGNC2YgOsGOppBFqfzI/dUrOrNInYaxsSUPm6u+JCY20HkeB7YyoGeplbyb+53VSE175Ey6T1KBki0VhKoiJyexv0ucKmRFjSyhT3N5K2JAqyoxNp2BD8JZfXiXNStmrlit3F6XadRZHHk7gFM7Bg0uowS3UoQEMBvAMr/DmCOfFeXc+Fq05J5s5hj9wPn8A4L2Nhw==</latexit>

Y4
<latexit sha1_base64="NAdFSyKacvuspZmuUB76jNebIKc=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHaRRI9ELx4xysPAhswOvTBhdnYzM2tCCJ/gxYPGePWLvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzcxvPaHSPJYPZpygH9GB5CFn1Fjp/rFX7RVLbtmdg6wSLyMlyFDvFb+6/ZilEUrDBNW647mJ8SdUGc4ETgvdVGNC2YgOsGOppBFqfzI/dUrOrNInYaxsSUPm6u+JCY20HkeB7YyoGeplbyb+53VSE175Ey6T1KBki0VhKoiJyexv0ucKmRFjSyhT3N5K2JAqyoxNp2BD8JZfXiXNStm7KFfuqqXadRZHHk7gFM7Bg0uowS3UoQEMBvAMr/DmCOfFeXc+Fq05J5s5hj9wPn8A4kGNiA==</latexit>

Y5
<latexit sha1_base64="lrJzeS+r2spx7Lxcq8+x51FpuII=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHZRo0eiF48Y5WFgQ2aHBibMzm5mZk3Ihk/w4kFjvPpF3vwbB9iDgpV0UqnqTndXEAuujet+O7mV1bX1jfxmYWt7Z3evuH/Q0FGiGNZZJCLVCqhGwSXWDTcCW7FCGgYCm8HoZuo3n1BpHskHM47RD+lA8j5n1Fjp/rF70S2W3LI7A1kmXkZKkKHWLX51ehFLQpSGCap123Nj46dUGc4ETgqdRGNM2YgOsG2ppCFqP52dOiEnVumRfqRsSUNm6u+JlIZaj8PAdobUDPWiNxX/89qJ6V/5KZdxYlCy+aJ+IoiJyPRv0uMKmRFjSyhT3N5K2JAqyoxNp2BD8BZfXiaNStk7K1fuzkvV6yyOPBzBMZyCB5dQhVuoQR0YDOAZXuHNEc6L8+58zFtzTjZzCH/gfP4A48WNiQ==</latexit>

C--GCCC----

ATGGCTC-GAT

A-C-CTATGAA

--C-TC---AA

A-C-C-ATG--

YMSA,1
<latexit sha1_base64="vpJx6wqp//2OwYmWfX7QrenRU1o=">AAAB+3icbVDLSgMxFM3UV62vsS7dBIvgQspMFXRZdeNGqGgf0g5DJs20oUlmSDJiGeZX3LhQxK0/4s6/MW1noa0HAodz7uWenCBmVGnH+bYKS8srq2vF9dLG5tb2jr1bbqkokZg0ccQi2QmQIowK0tRUM9KJJUE8YKQdjK4mfvuRSEUjca/HMfE4GggaUoy0kXy7/OCnPY70UPL05u4iO3Yz3644VWcKuEjcnFRAjoZvf/X6EU44ERozpFTXdWLtpUhqihnJSr1EkRjhERqQrqECcaK8dJo9g4dG6cMwkuYJDafq740UcaXGPDCTk5hq3puI/3ndRIfnXkpFnGgi8OxQmDCoIzgpAvapJFizsSEIS2qyQjxEEmFt6iqZEtz5Ly+SVq3qnlRrt6eV+mVeRxHsgwNwBFxwBurgGjRAE2DwBJ7BK3izMuvFerc+ZqMFK9/ZA39gff4ApsuULg==</latexit>

YMSA,2
<latexit sha1_base64="//y+L290V7BzPkythBFTm+kCxUY=">AAAB+3icbVDLSgMxFM3UV62vsS7dBIvgQspMFXRZdeNGqGgf0g5DJs20oUlmSDJiGeZX3LhQxK0/4s6/MW1noa0HAodz7uWenCBmVGnH+bYKS8srq2vF9dLG5tb2jr1bbqkokZg0ccQi2QmQIowK0tRUM9KJJUE8YKQdjK4mfvuRSEUjca/HMfE4GggaUoy0kXy7/OCnPY70UPL05u4iO65lvl1xqs4UcJG4OamAHA3f/ur1I5xwIjRmSKmu68TaS5HUFDOSlXqJIjHCIzQgXUMF4kR56TR7Bg+N0odhJM0TGk7V3xsp4kqNeWAmJzHVvDcR//O6iQ7PvZSKONFE4NmhMGFQR3BSBOxTSbBmY0MQltRkhXiIJMLa1FUyJbjzX14krVrVPanWbk8r9cu8jiLYBwfgCLjgDNTBNWiAJsDgCTyDV/BmZdaL9W59zEYLVr6zB/7A+vwBqFCULw==</latexit>

YMSA,3
<latexit sha1_base64="RfmbE4SlhWDdUNGM9FJlDzkfi9s=">AAAB+3icbVDLSgMxFM34rPU11qWbYBFcSJlpBV1W3bgRKtqHtMOQSTNtaJIZkoxYhvkVNy4UceuPuPNvTNtZaOuBwOGce7knJ4gZVdpxvq2l5ZXVtfXCRnFza3tn194rtVSUSEyaOGKR7ARIEUYFaWqqGenEkiAeMNIORlcTv/1IpKKRuNfjmHgcDQQNKUbaSL5devDTHkd6KHl6c3eRndQy3y47FWcKuEjcnJRBjoZvf/X6EU44ERozpFTXdWLtpUhqihnJir1EkRjhERqQrqECcaK8dJo9g0dG6cMwkuYJDafq740UcaXGPDCTk5hq3puI/3ndRIfnXkpFnGgi8OxQmDCoIzgpAvapJFizsSEIS2qyQjxEEmFt6iqaEtz5Ly+SVrXi1irV29Ny/TKvowAOwCE4Bi44A3VwDRqgCTB4As/gFbxZmfVivVsfs9ElK9/ZB39gff4AqdWUMA==</latexit>

YMSA,4
<latexit sha1_base64="XD13VVi+LyVyk3yhav5GBenQnmI=">AAAB+3icbVDLSgMxFM34rPU11qWbYBFcSJmpBV1W3bgRKtqHtMOQSTNtaJIZkoxYhvkVNy4UceuPuPNvTNtZaOuBwOGce7knJ4gZVdpxvq2l5ZXVtfXCRnFza3tn194rtVSUSEyaOGKR7ARIEUYFaWqqGenEkiAeMNIORlcTv/1IpKKRuNfjmHgcDQQNKUbaSL5devDTHkd6KHl6c3eRndQy3y47FWcKuEjcnJRBjoZvf/X6EU44ERozpFTXdWLtpUhqihnJir1EkRjhERqQrqECcaK8dJo9g0dG6cMwkuYJDafq740UcaXGPDCTk5hq3puI/3ndRIfnXkpFnGgi8OxQmDCoIzgpAvapJFizsSEIS2qyQjxEEmFt6iqaEtz5Ly+SVrXinlaqt7Vy/TKvowAOwCE4Bi44A3VwDRqgCTB4As/gFbxZmfVivVsfs9ElK9/ZB39gff4Aq1qUMQ==</latexit>

YMSA,5
<latexit sha1_base64="rB2OLEY46MNECddWI8jF+zgkA/c=">AAAB+3icbVDLSgMxFM34rPU11qWbYBFcSJmpii6rbtwIFe1D2mHIpJk2NMkMSUYsw/yKGxeKuPVH3Pk3ZtoutPVA4HDOvdyTE8SMKu0439bC4tLyymphrbi+sbm1be+UmipKJCYNHLFItgOkCKOCNDTVjLRjSRAPGGkFw6vcbz0SqWgk7vUoJh5HfUFDipE2km+XHvy0y5EeSJ7e3F1kR6eZb5edijMGnCfulJTBFHXf/ur2IpxwIjRmSKmO68TaS5HUFDOSFbuJIjHCQ9QnHUMF4kR56Th7Bg+M0oNhJM0TGo7V3xsp4kqNeGAm85hq1svF/7xOosNzL6UiTjQReHIoTBjUEcyLgD0qCdZsZAjCkpqsEA+QRFibuoqmBHf2y/OkWa24x5Xq7Um5djmtowD2wD44BC44AzVwDeqgATB4As/gFbxZmfVivVsfk9EFa7qzC/7A+vwBrN+UMg==</latexit> N

<latexit sha1_base64="FUcBaOutMug4qVqfNLwic8W1axE=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BL54kAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5YMYJ+hEdSB5yRo2V6ve9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpexflSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD6ffjNY=</latexit>

Vi
<latexit sha1_base64="TuoLWtJaNSGzp8K27a7aMRSddN8=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGCaQttKJvtpl262YTdiVBCf4MXD4p49Qd589+4bXPQ1gcDj/dmmJkXplIYdN1vZ219Y3Nru7RT3t3bPzisHB23TJJpxn2WyER3Qmq4FIr7KFDyTqo5jUPJ2+H4bua3n7g2IlGPOEl5ENOhEpFgFK3kt/q5mPYrVbfmzkFWiVeQKhRo9itfvUHCspgrZJIa0/XcFIOcahRM8mm5lxmeUjamQ961VNGYmyCfHzsl51YZkCjRthSSufp7IqexMZM4tJ0xxZFZ9mbif143w+gmyIVKM+SKLRZFmSSYkNnnZCA0ZygnllCmhb2VsBHVlKHNp2xD8JZfXiWtes27rNUfrqqN2yKOEpzCGVyAB9fQgHtogg8MBDzDK7w5ynlx3p2PReuaU8ycwB84nz/ynI7G</latexit>

YMSA,i
<latexit sha1_base64="NziNNiHYNeqv7frUL0sWAdLrV2s=">AAAB+3icbVDLSgMxFM3UV62vsS7dBIvgQspMFXRZdeNGqGgf0g5DJs20oUlmSDJiGeZX3LhQxK0/4s6/MW1noa0HAodz7uWenCBmVGnH+bYKS8srq2vF9dLG5tb2jr1bbqkokZg0ccQi2QmQIowK0tRUM9KJJUE8YKQdjK4mfvuRSEUjca/HMfE4GggaUoy0kXy7/OCnPY70UPL05u4iO6aZb1ecqjMFXCRuTiogR8O3v3r9CCecCI0ZUqrrOrH2UiQ1xYxkpV6iSIzwCA1I11CBOFFeOs2ewUOj9GEYSfOEhlP190aKuFJjHpjJSUw1703E/7xuosNzL6UiTjQReHYoTBjUEZwUAftUEqzZ2BCEJTVZIR4iibA2dZVMCe78lxdJq1Z1T6q129NK/TKvowj2wQE4Ai44A3VwDRqgCTB4As/gFbxZmfVivVsfs9GCle/sgT+wPn8A++OUZg==</latexit>

i.i.d. assumptions break down, can't evaluate sequence predictions/forecasts
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Proposed approach

‣ Replace preprocessing step with generative process. Instead of 
filtering indels out of the data, add them in the model.


‣ Extend continuous vector model with our new mutational emission 
(MuE) distribution.


‣ Model retains the key ideas behind alignment: can still talk about 
variation at conserved sites, indels, etc..

Model sequences with  
MuE observation distributionSequence data

CGCCC

ATGGCTCGAT

ACCTATGAA

CTCAA

ACCATG

Y1
<latexit sha1_base64="COd9bgMQAyQeLiwwoaH4w8aIig0=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGi/ZA2lM120y7dbMLuRCihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LRzdRvPXFtRKwecJxwP6IDJULBKFrp/rHn9Uplt+LOQJaJl5My5Kj3Sl/dfszSiCtkkhrT8dwE/YxqFEzySbGbGp5QNqID3rFU0YgbP5udOiGnVumTMNa2FJKZ+nsio5Ex4yiwnRHFoVn0puJ/XifF8MrPhEpS5IrNF4WpJBiT6d+kLzRnKMeWUKaFvZWwIdWUoU2naEPwFl9eJs1qxTuvVO8uyrXrPI4CHMMJnIEHl1CDW6hDAxgM4Ble4c2Rzovz7nzMW1ecfOYI/sD5/AHdtY2F</latexit>

Y2
<latexit sha1_base64="4cQzjieBS+G8ib5bpdDogP/G1uE=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGi/ZA2lM120y7dbMLuRCihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LRzdRvPXFtRKwecJxwP6IDJULBKFrp/rFX7ZXKbsWdgSwTLydlyFHvlb66/ZilEVfIJDWm47kJ+hnVKJjkk2I3NTyhbEQHvGOpohE3fjY7dUJOrdInYaxtKSQz9fdERiNjxlFgOyOKQ7PoTcX/vE6K4ZWfCZWkyBWbLwpTSTAm079JX2jOUI4toUwLeythQ6opQ5tO0YbgLb68TJrVindeqd5dlGvXeRwFOIYTOAMPLqEGt1CHBjAYwDO8wpsjnRfn3fmYt644+cwR/IHz+QPfOY2G</latexit>

Y3
<latexit sha1_base64="eNjw15IPyYN35gfE5jtYW4C1Fd8=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHbBRI9ELx4xysPAhswOvTBhdnYzM2tCCJ/gxYPGePWLvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzcxvPaHSPJYPZpygH9GB5CFn1Fjp/rFX7RVLbtmdg6wSLyMlyFDvFb+6/ZilEUrDBNW647mJ8SdUGc4ETgvdVGNC2YgOsGOppBFqfzI/dUrOrNInYaxsSUPm6u+JCY20HkeB7YyoGeplbyb+53VSE175Ey6T1KBki0VhKoiJyexv0ucKmRFjSyhT3N5K2JAqyoxNp2BD8JZfXiXNStmrlit3F6XadRZHHk7gFM7Bg0uowS3UoQEMBvAMr/DmCOfFeXc+Fq05J5s5hj9wPn8A4L2Nhw==</latexit>

Y4
<latexit sha1_base64="NAdFSyKacvuspZmuUB76jNebIKc=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHaRRI9ELx4xysPAhswOvTBhdnYzM2tCCJ/gxYPGePWLvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzcxvPaHSPJYPZpygH9GB5CFn1Fjp/rFX7RVLbtmdg6wSLyMlyFDvFb+6/ZilEUrDBNW647mJ8SdUGc4ETgvdVGNC2YgOsGOppBFqfzI/dUrOrNInYaxsSUPm6u+JCY20HkeB7YyoGeplbyb+53VSE175Ey6T1KBki0VhKoiJyexv0ucKmRFjSyhT3N5K2JAqyoxNp2BD8JZfXiXNStm7KFfuqqXadRZHHk7gFM7Bg0uowS3UoQEMBvAMr/DmCOfFeXc+Fq05J5s5hj9wPn8A4kGNiA==</latexit>

Y5
<latexit sha1_base64="lrJzeS+r2spx7Lxcq8+x51FpuII=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHZRo0eiF48Y5WFgQ2aHBibMzm5mZk3Ihk/w4kFjvPpF3vwbB9iDgpV0UqnqTndXEAuujet+O7mV1bX1jfxmYWt7Z3evuH/Q0FGiGNZZJCLVCqhGwSXWDTcCW7FCGgYCm8HoZuo3n1BpHskHM47RD+lA8j5n1Fjp/rF70S2W3LI7A1kmXkZKkKHWLX51ehFLQpSGCap123Nj46dUGc4ETgqdRGNM2YgOsG2ppCFqP52dOiEnVumRfqRsSUNm6u+JlIZaj8PAdobUDPWiNxX/89qJ6V/5KZdxYlCy+aJ+IoiJyPRv0uMKmRFjSyhT3N5K2JAqyoxNp2BD8BZfXiaNStk7K1fuzkvV6yyOPBzBMZyCB5dQhVuoQR0YDOAZXuHNEc6L8+58zFtzTjZzCH/gfP4A48WNiQ==</latexit> N

<latexit sha1_base64="FUcBaOutMug4qVqfNLwic8W1axE=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexGQY9BL54kAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5YMYJ+hEdSB5yRo2V6ve9Ysktu3OQVeJlpAQZar3iV7cfszRCaZigWnc8NzH+hCrDmcBpoZtqTCgb0QF2LJU0Qu1P5odOyZlV+iSMlS1pyFz9PTGhkdbjKLCdETVDvezNxP+8TmrCa3/CZZIalGyxKEwFMTGZfU36XCEzYmwJZYrbWwkbUkWZsdkUbAje8surpFkpexflSv2yVL3J4sjDCZzCOXhwBVW4gxo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD6ffjNY=</latexit>

Vi
<latexit sha1_base64="TuoLWtJaNSGzp8K27a7aMRSddN8=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGCaQttKJvtpl262YTdiVBCf4MXD4p49Qd589+4bXPQ1gcDj/dmmJkXplIYdN1vZ219Y3Nru7RT3t3bPzisHB23TJJpxn2WyER3Qmq4FIr7KFDyTqo5jUPJ2+H4bua3n7g2IlGPOEl5ENOhEpFgFK3kt/q5mPYrVbfmzkFWiVeQKhRo9itfvUHCspgrZJIa0/XcFIOcahRM8mm5lxmeUjamQ961VNGYmyCfHzsl51YZkCjRthSSufp7IqexMZM4tJ0xxZFZ9mbif143w+gmyIVKM+SKLRZFmSSYkNnnZCA0ZygnllCmhb2VsBHVlKHNp2xD8JZfXiWtes27rNUfrqqN2yKOEpzCGVyAB9fQgHtogg8MBDzDK7w5ynlx3p2PReuaU8ycwB84nz/ynI7G</latexit>

Yi
<latexit sha1_base64="zYQB16S3uCCig3lMnidcdh3c/O0=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ie0oWy2k3bpZhN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzaqzUfOxnfNovV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzslZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TgZcITNiYgllittbCRtRRZmx+ZRsCN7yy6ukVat6F9Xa/WWlfpPHUYQTOIVz8OAK6nAHDWgCAw7P8ApvjnRenHfnY9FacPKZY/gD5/MH9zSOyQ==</latexit>

Wi
<latexit sha1_base64="wiT/1nda388yw8TMbLtfO5C/0Yc=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGCaQttKJvtpF262YTdjVBCf4MXD4p49Qd589+4bXPQ1gcDj/dmmJkXpoJr47rfztr6xubWdmmnvLu3f3BYOTpu6SRTDH2WiER1QqpRcIm+4UZgJ1VI41BgOxzfzfz2EyrNE/loJikGMR1KHnFGjZX8dj/n036l6tbcOcgq8QpShQLNfuWrN0hYFqM0TFCtu56bmiCnynAmcFruZRpTysZ0iF1LJY1RB/n82Ck5t8qARImyJQ2Zq78nchprPYlD2xlTM9LL3kz8z+tmJroJci7TzKBki0VRJohJyOxzMuAKmRETSyhT3N5K2IgqyozNp2xD8JZfXiWtes27rNUfrqqN2yKOEpzCGVyAB9fQgHtogg8MODzDK7w50nlx3p2PReuaU8ycwB84nz/0JI7H</latexit>

Latent 
alignment 
variable



Immune receptor repertoires

6

C   and C V Region Typesβα

Improved predictive performance

Informative latent representations Features at conserved sites



Generative forecasts of viral evolution
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G†
<latexit sha1_base64="TOsCMNlXOvfMFKmy9O8WC9LAYNA=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGC/YA2lM1m0i7dbMLuRiihP8KLB0W8+nu8+W/ctjlo64OBx3szzMwLUsG1cd1vZ219Y3Nru7RT3t3bPzisHB23dZIphi2WiER1A6pRcIktw43AbqqQxoHATjC+m/mdJ1SaJ/LRTFL0YzqUPOKMGit1+iEdDlENKlW35s5BVolXkCoUaA4qX/0wYVmM0jBBte55bmr8nCrDmcBpuZ9pTCkb0yH2LJU0Ru3n83On5NwqIYkSZUsaMld/T+Q01noSB7Yzpmakl72Z+J/Xy0x04+dcpplByRaLokwQk5DZ7yTkCpkRE0soU9zeStiIKsqMTahsQ/CWX14l7XrNu6zVH66qjdsijhKcwhlcgAfX0IB7aEILGIzhGV7hzUmdF+fd+Vi0rjnFzAn8gfP5A0uIj4o=</latexit>

‡
<latexit sha1_base64="YUEUMn4RNyUmt7NIW5vRgdcQ4UY=">AAAB73icbVBNS8NAEJ3Ur1q/qh69BIvgqSRV0GPRi8cK9gPaUDabSbp0s4m7G6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDPPTzlT2nG+rdLa+sbmVnm7srO7t39QPTzqqCSTFNs04Yns+UQhZwLbmmmOvVQiiX2OXX98O/O7TygVS8SDnqToxSQSLGSUaCP1BkFAogjlsFpz6s4c9ipxC1KDAq1h9WsQJDSLUWjKiVJ910m1lxOpGeU4rQwyhSmhYxJh31BBYlRePr93ap8ZJbDDRJoS2p6rvydyEis1iX3TGRM9UsveTPzP62c6vPZyJtJMo6CLRWHGbZ3Ys+ftgEmkmk8MIVQyc6tNR0QSqk1EFROCu/zyKuk06u5FvXF/WWveFHGU4QRO4RxcuIIm3EEL2kCBwzO8wpv1aL1Y79bHorVkFTPH8AfW5w8Ky4/4</latexit>

Improved predictive performance

Epitope regions

A
B
C
D
E

Inferred shift    , 1968-2019⌫
<latexit sha1_base64="Q5QBoJHXaSX6KvHmV3PNna1aMJc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00JNpv1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vklat6l1Ua/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwBgMY3b</latexit>

Informative regression coefficients Informative latent representations
HA1



‣ The MuE enables application and rigorous evaluation of a wide 
range of statistical models (vector models, including factor models, 
regression models, image models, etc.) to biological sequences.


‣ The MuE both accounts for common forms of variation and avoids 
the serious pathologies of MSA preprocessing, a ubiquitous 
technique used to account for the same variation.


‣ The MuE is now part of the Pyro probabilistic programming 
language, providing a platform for building new models and 
integrating information across data sources.

Conclusions
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