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Glossary and Abbreviations 

Ecological and evolutionary terms  

Microbial community Microbial communities are defined as assemblages of co-occuring and 
potentially interacting microbes present in a defined habitat in space 
and time.  

Bacterial species A bacterial species is defined as a genomically coherent group of 
organisms sharing a high degree of independent features. 

Microbial population Microbial populations are defined as assemblages of microbes of the 
same species present in a defined habitat in space and time. 

Metagenome-assembled 
genomes (MAGs) 

A MAG is a single-taxon assembly based on one or more binned 
metagenomes that has been asserted to be a close representation to 
an actual individual genome. 

Single-cell amplified 
genomes (SAGs) 

A SAG is a whole genome-amplified assembly of a genome from a 
single unicellular organism in an environmental sample. 

Reference genomes 
(REFGs) 

A reference genome is an assembly of a set of genes from multiple 
donor organisms to be used as a representative example of one 
idealized individual organism of a species. 

Codon usage biases (CUB) Codon usage bias is defined as the variation in frequency of occurring 
synonymous codons in the coding sequences of different organisms. 

Average nucleotide 
identity (ANI) 

ANI is a measure of nucleotide-level sequence similarity between the 
coding regions of two genomes [%]. 

Average amino acid 
identity (AAI) 

AAI is a measure of amino acid-level sequence similarity between the 
coding regions of two genomes [%]. 

Single-copy phylogenetic 
marker genes (MGs) 

Single-copy phylogenetic marker genes occur in single copies in the 
vast majority of known organisms and are rarely subject to horizontal 
gene transfer. 

Technical Terms 

Differential Coverage 
Index (DCI) 

DCI describes the number of samples for which a MAG has an 
abundance estimate above 1X which makes it likely to be present in a 
sample. 

Genome Completeness Completeness describes the percentage of a broad set of lineage-
specific marker genes, inferred from a reference genome tree and 
information about the collocation of these genes, that are present in a 
genome. 

Genome Contamination Contamination describes the percentage of a broad set of lineage-
specific marker genes, inferred from a reference genome tree and 
information about the collocation of these genes, that are present in a 
genome in duplicates. 



 
   

UMAP Uniform Manifold Approximation and Projection for Dimension 
Reduction 

HDBSCAN Hierarchical Density-Based Spatial Clustering of Applications with 
Noise 

Silhouette Coefficient The Silhouette Coefficient evaluates clustering performance. 
 s = (b-a)/max(a,b) with a: mean distance between a sample and all 
other points in the same class, b: mean distance between a sample 
and all other points in the next nearest cluster. s = [-1,1] 

permANOVA permANOVA is used to test for differences in centroids and/or 
dispersion between mutliple clusters. It performs permutations on 
the distance matrix defined by multiple features. H0: The observation 
units (samples) are exchangeable under true H0. 

betadisper betadisper is a function in R which evaluates homogeneity of cluster 
dispersions. It describes one of the assumptions of a permANOVA and 
is therefore often performed as a pre-test. 

Kruskal Wallis Test A Kruskal Wallis Test can be used to find significantly different 
features between any of multiple clusters among multiple features. It 
is often performed subsequently to permANOVA.   

���µ�v�v�[s Test Dunn�[s Tests can be used to find significantly different features 
between any of multiple clusters among multiple features. The 
difference to Kruskal Wallis is that it performs the test on pairwise 
cluster comparisons and identifies the clusters with significantly 
different features. Dunn�[s tests are suitable for unequal variances but 
not for unequal sample sizes of the clusters. 

�t���o���Z�[�•���š-Test Welch�[s t-Tests can be used when clusters are given and independent 
tests for multiple independent features should be performed. Welch�[s 
t-tests are suitable for unequal variances and unequal sample sizes of 
the clusters. 

 

  



 
   

Abstract 

Microbial organisms inhabit virtually all environments, form diverse communities and are 

important players in host-associated health and global biogeochemical nutrient cycling. The 

ocean represents a very large, heterogeneous environment with nutrient-limiting conditions 

across different geographic locations and depths, in which free-living microbes affect nutrient 

turnover through various metabolic pathways. Single-cell genomics approaches have revealed 

many subpopulations of the prevalent community member Prochlorococcus in the wild 

indicating a lot of within-species genomic variation. Here, we developed a computational 

pipeline to investigate codon usage biases in ocean metagenome-assembled genomes (MAGs) 

along environmental gradients. The pipeline determines codon usage biases, sequence 

similarity, codon optimization for growth and nutrient conditions at the sampling locations. 

The pipeline was separately applied to 121 A. macleodii MAGs and 54 MAGs belonging to an 

uncultivated species-level cluster of the phylum Chloroflexi and the class Dehalococcoidia. 

Two potentially depth-related A. macleodii populations with distinct codon usage biases were 

discovered. Four codon-usage-based populations correlated to environmental conditions 

across many ocean provinces were identified in the uncultivated species-level cluster without 

clear causative relationships. These results suggest within-species population structures to be 

a common feature among ocean microbial species with correlations to environmental 

conditions in marine ecosystems rather than geographic location. 
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1. Introduction 

�D�]���Œ�}���]���o�� �}�Œ�P���v�]�•�u�•�� �]�v�Z�����]�š�� �À�]�Œ�š�µ���o�o�Ç�� ���o�o�� ���v�À�]�Œ�}�v�u���v�š�•�U�� �(�}�Œ�u�� ���]�À���Œ�•���� ���}�u�u�µ�v�]�š�]���•�� ���v���� ���Œ����

�]�u�‰�}�Œ�š���v�š�� �‰�o���Ç���Œ�•�� �]�v�� �Z�}�•�š�r���•�•�}���]���š������ �Z�����o�š�Z�����v�����P�o�}�����o�� ���]�}�P���}���Z���u�]�����o�� �v�µ�š�Œ�]���v�š�� ���Ç���o�]�v�P�X���d�Z����

�Z�µ�u���v���P�µ�š���Œ���‰�Œ���•���v�š�•�������Œ���o���š�]�À���o�Ç���•�u���o�o�U���v�µ�š�Œ�]���v�š�r�Œ�]���Z�����v�À�]�Œ�}�v�u���v�š�U���]�v���Á�Z�]���Z���u�]���Œ�}�����•���š�]�P�Z�š�o�Ç��

�]�v�š���Œ�����š���Á�]�š�Z���������Z���}�š�Z���Œ�U�����Æ�‰���Œ�]���v���������}�}�‰���Œ���š�]�}�v�����v�������}�u�‰���š�]�š�]�}�v���]�v���P�Œ�}�Á�š�Z�����v�����š�Z���Œ�����Ç�����(�(�����š��

�Z�}�•�š���Z�����o�š�Z�����v�������]�•�����•�� �€�í�•�X���d�Z�����P�o�}�����o���}�������v���]�v���š�µ�Œ�v���Œ���‰�Œ���•���v�š�•�������À���Œ�Ç���o���Œ�P���U���Z���š���Œ�}�P���v���}�µ�•��

���v�À�]�Œ�}�v�u���v�š�� �Á�]�š�Z�� �v�µ�š�Œ�]���v�š�r�o�]�u�]�š�]�v�P�� ���}�v���]�š�]�}�v�•�� �����Œ�}�•�•�� ���]�(�(���Œ���v�š�� �P���}�P�Œ���‰�Z�]�����o�}�����š�]�}�v�•�� ���v����

�����‰�š�Z�•�U�� �]�v�� �Á�Z�]���Z�� �(�Œ�����r�o�]�À�]�v�P�� �u�]���Œ�}�����•�� ���(�(�����š�� �v�µ�š�Œ�]���v�š�� �š�µ�Œ�v�}�À���Œ�� �š�Z�Œ�}�µ�P�Z�� �À���Œ�]�}�µ�•�� �u���š�����}�o�]����

�‰���š�Z�Á���Ç�• �€�î�•�X�� �W�Z�}�š�}�•�Ç�v�š�Z���š�]���� �u�]���Œ�}�����•�� �����o�o������ �‰�Z�Ç�š�}�‰�o���v�l�š�}�v�� ���Æ���Œ�š�� �]�u�‰�}�Œ�š���v�š�� �(�µ�v���š�]�}�v�•�� �]�v��

�����Œ���}�v�����Ç���o�]�v�P�����v�������Œ�����Œ���•�‰�}�v�•�]���o�����(�}�Œ�����‰�‰�Œ�}�Æ�]�u���š���o�Ç���Z���o�(���}�(���š�Z�����P�o�}�����o�������Œ���}�v�����]�}�Æ�]�������~���K�î�•��

�(�]�Æ���š�]�}�v �€�î�•�X�� 

�d�Œ�����]�š�]�}�v���o�� ���µ�o�š�]�À���š�]�}�v�� ���v���� �•���‹�µ���v���]�v�P�� ���‰�‰�Œ�}�����Z���•�� �}�(�� �]�v���]�À�]���µ���o�� �µ���]�‹�µ�]�š�}�µ�•�� ���}�u�u�µ�v�]�š�Ç��

�u���u�����Œ�•���~�^���Z�í�í�U���W�Œ�}���Z�o�}�Œ�}���}�����µ�•�•���Z���À���������u�}�v�•�š�Œ���š�������š�Z�����Œ�}�o�����}�(���Á�]�š�Z�]�v�r�•�‰�����]���•�����]�À���Œ�•�]�š�Ç���]�v��

�•�Z���‰�]�v�P���u�]���Œ�}���]���o�������}�o�}�P�]�����o���v�]���Z���•���€�ï�r�ó�•�X���,�}�Á���À���Œ�U���•�µ���Z�����‰�‰�Œ�}�����Z���•�����Œ�����o�]�u�]�š�������š�}�����µ�o�š�]�À�����o����

�u�]���Œ�}�����•�� �Á�Z�]���Z�� �š�Ç�‰�]�����o�o�Ç�� �Œ���‰�Œ���•���v�š�� �o���•�•�� �š�Z���v�� �í�ì�9�� �}�(�� �š�Z���� �P�o�}�����o�� �}�������v�� �u�]���Œ�}���]�}�u���� �P���v�}�u�]����

���}�v�š���v�š�� �€�ô�•�X�� �d�}�� �}�À���Œ���}�u���� �š�Z���•���� �o�]�u�]�š���š�]�}�v�•�U�� �Œ�������v�š�� ���(�(�}�Œ�š�•�� �Z���À���� �(�}���µ�•������ �}�v�� ���}�o�o�����š�]�v�P��

���v�À�]�Œ�}�v�u���v�š���o���•���u�‰�o���•���]�v���o�µ���]�v�P���P�o�}�����o���•�����o�������v�����š�]�u�����•���Œ�]���•���u�����•�µ�Œ���u���v�š�•�����v�������}�v���µ���š�]�v�P��

�u���š���P���v�}�u�]���•�����v�����u���š���š�Œ���v�•���Œ�]�‰�š�}�u�]���•�����v���o�Ç�•���•���€�ô�U�õ�U�í�ì�U�í�í�•�X���d�Z���•���������À���v�����•�������Z�]���À�����������š�}�š���o��

�}�(�� �E �í�[�ì�ì�ì�� �u���š���P���v�}�u���•�� �(�Œ�}�u�� �š�Z���� �d���Œ���� �K�������v�•�� �~�ï�ó�ì�� �]�v�� �š�}�š���o�U�� �í�ô�ì �‰�Œ�}�l���Œ�Ç�}�š�]���U�� �í�õ�ì �À�]�Œ���o�•�U��

�D���o���•�‰�]�v���� �~�ñ�ô�•�U�� ���]�}�P���}�š�Œ�������•�� �~�ð�ô�ì�•�U�� �,���Á���]�]���v�� �K�������v�� �d�]�u���� �^���Œ�]���•�� �~�,�K�d�^�U�� �ò�ô�•�� ���v���� �����Œ�u�µ������

���š�o���v�š�]���� �d�]�u���� �^���Œ�]���•�� �~�����d�^�U���ò�î�•�� ���Æ�‰�����]�š�]�}�v�•�� �~�&�]�P�µ�Œ�� �í�•�X�� �&�µ�Œ�š�Z���Œ�u�}�Œ���U���š�Z�����u���š���P���v�}�u���•�� �Z���À����

�������v���‰�Œ�}�����•�•������ �š�}�� �î�ò�[�ì�ì�ì�� �u���š���P���v�}�u���r���•�•���u���o������ �P���v�}�u���•�� �~�D���'�•�•�� ���v���� ���Æ�š���v�������� ���Ç�������š����

�(�Œ�}�u�� �}�š�Z���Œ�� �•�š�µ���]���•���š�}�� �o���À���Œ���P���� ���� �����š�������•���� �}�(�� �ï�ñ�[�ì�ì�ì�� �u���š���P���v�}�u���r���•�•���u���o������ �P���v�}�u���•��

�~�D���'�•�•�U�� �•�]�v�P�o���r�����o�o�� ���u�‰�o�]�(�]������ �P���v�}�u���•�� �~�^���'�•�•�� ���v���� �Œ���(���Œ���v������ �P���v�}�u���•�� �~�Z���&�'�•�•�� �€�í�î�•�X���d�Z�]�•��

���}�o�o�����š�]�}�v���}�(���P���v�}�u���•���Z���•���������v�����•�š�]�u���š�������š�}���Œ���‰�Œ���•���v�š���ð�ì�9���}�(���š�Z�����P�o�}�����o���}�������v���u�]���Œ�}���]�}�u����

���}�v�š���v�š�����v�����Z���•���o�������š�}���š�Z�����]�����v�š�]�(�]�����š�]�}�v���}�(���E �ô�[�ì�ì�ì���•�‰�����]���•�r�o���À���o�����o�µ�•�š���Œ�• �€�í�î�•�X���� 

�^�]�v�P�o���r�����o�o�� ���u�‰�o�]�(�]������ �P���v�}�u���•�� �~�&�]�P�µ�Œ�����í�U�� �'�K�Z�'�•�� �����v���������µ�•������ �š�}�������š�����š�� �Œ���Œ���� �u�]���Œ�}�����•�� ���v�����š�}��

�]�v�À���•�š�]�P���š�����š�Z�����P���v�}�u�]�������}�v�š���v�š���}�(�������•�]�v�P�o�������}�u�u�µ�v�]�š�Ç���u���u�����Œ�����š���Z�]�P�Z���Œ���Œ���•�}�o�µ�š�]�}�v���Á�]�š�Z�}�µ�š��

�š�Z���� �Œ���‹�µ�]�Œ���u���v�š�� �(�}�Œ�� ���µ�o�š�]�À���š�]�}�v�� �€�í�ï�•�X�� �^�]�v�P�o���r�����o�o�� �P���v�}�u�]���•�� ���‰�‰�Œ�}�����Z���•�� �Z���À���� �Œ���À�����o������ �u���v�Ç��

�•�µ���‰�}�‰�µ�o���š�]�}�v�•���}�(���š�Z�����‰�Œ���À���o���v�š�����}�u�u�µ�v�]�š�Ç���u���u�����Œ���W�Œ�}���Z�o�}�Œ�}���}�����µ�•���]�v���š�Z�����Z���š���Œ�}�P���v���}�µ�•��

���v�À�]�Œ�}�v�u���v�š���}�(���š�Z�����P�o�}�����o���}�������v���€�í�ð�•�X���d�Z���•���������}�š�Ç�‰���•���Z���À�����������v���•�µ�P�P���•�š�������š�}�����u���Œ�P�����(�Œ�}�u��
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�š�Z�����o���Œ�P�����v�]���Z�����•�‰�������������(�]�v���������Ç���u���v�Ç�����]�u���v�•�]�}�v�•���}�(�����v�À�]�Œ�}�v�u���v�š���o���(�����š�}�Œ�•�U���•�µ���Z�����•�������‰�š�Z�U��

�š���u�‰���Œ���š�µ�Œ���U���o�]�P�Z�š�����v�����v�µ�š�Œ�]���v�š�����À���]�o�����]�o�]�š�Ç���Á�Z�]���Z�����}�µ�o�������������Æ�‰�����š�������š�}�������������(�����š�µ�Œ�����}�(�� �}�š�Z���Œ��

�(�Œ�����r�o�]�À�]�v�P���u�]���Œ�}�����•�����•���Á���o�o���€�í�ð�•�X�� 

 

Figure 1. Global-scale and time-scale sampling of metagenomes across the ocean [15]. Tara Oceans, Malaspina and 
Biogeotraces are depicted as circular points and represent global-scale sampling at varying depths. HOTS and BATS 
represent Hawaiian Ocean and Bermuda Atlantic time-series sampling and are depicted with a clock symbol. GORG is 
depicted with a cross and represents single-cell amplified genomes. 

���]�(�(���Œ���v�š�����v�À�]�Œ�}�v�u���v�š���o���(�����š�}�Œ�•�����Œ�����Z�Ç�‰�}�š�Z���•�]�Ì�������š�}���������•�]�v�P�o���r�o�]�u�]�š�]�v�P���}�Œ�����}�r�o�]�u�]�š�]�v�P���]�v���À���Œ�]�}�µ�•��
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Figure 2. Nitrogen cycling processes in open ocean and coastal areas with an oxygen minimum zone [2]. The depth 
profile at the far left shows common distributions of light and nutrients which can form a deep chlorophyll a maximum 
(green shading). The processes of anammox, nitrogen assimilation, denitrification and nitrification are depicted by 
colored arrows. NO3-: nitrate, NO2

-: nitrate, N2O: nitrous oxide, NO: nitric oxide, NH4
+: ammonium, Fe2+/3+: iron,  

PO4
3-: phosphate, OM: organic matter. 
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Figure 3. Primary productivity across the global ocean with nutrient limitation areas identified by in situ fertilization 
experiments [25]. The background describes depth-integrated primary productivity using the Vertically Generalized 
Production Model algorithm. Nutrient limitation areas for nitrogen, iron, phosphorus, cobalt and zinc are depicted as 
circles where split circles describe co-limitation by two nutrients. The five ocean gyres are depicted as black circular 
arrows describing large ocean currents. The six main upwelling areas are depicted as yellow arrows.  
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Figure 4. Nitrogen, carbon and oxygen content of different amino acids depicted along their positions in the standard 
genetic code [27]. Nitrogen costs are depicted in blue, carbon costs are depicted in black and oxygen costs are depicted 
in red.  
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�d�Z�]�•���•�š�µ���Ç���Á���•�����}�v���µ���š�������š�}�Á���Œ���•���š�Z�����o�}�v�P�r�š���Œ�u���P�}���o���}�(���µ�v�š���v�P�o�]�v�P�����v�À�]�Œ�}�v�u���v�š���o�����Œ�]�À���Œ�•���}�(��

�Á�]�š�Z�]�v�r�•�‰�����]���•���‰�}�‰�µ�o���š�]�}�v���•�š�Œ�µ���š�µ�Œ���•���]�v���š�Z�����P�o�}�����o���}�������v���u�]���Œ�}���]�}�u���X  
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�î�X���D���š�Z�}���• 

�î�X�í�������À���o�}�‰�u���v�š���}�(���š�Z�����‰�]�‰���o�]�v�� 

�������}�u�‰�µ�š���š�]�}�v���o���•�v���l���u���l�����‰�]�‰���o�]�v�����Á���•�������À���o�}�‰�������š�}���]�v�À���•�š�]�P���š�������}���}�v���µ�•���P�������]���•���•�������Œ�}�•�•��

�����o���Œ�P�����v�µ�u�����Œ���}�(���P���v�}�u�]�����•���‹�µ���v�����•�X���/�š���Á���•�����µ�]�o�š�������•�������}�v�����������š���•���š���}�(���í�ò �������š���Œ�}�]�����•���(�Œ���P�]�o�]�•��

�P���v�}�u���•�� ���}�Á�v�o�}���������� �(�Œ�}�u�� �E�����/�� �~�•������ �D���š�Z�}���•�� �î�X�ñ�X�í�•�� �€�î�õ�•�X���d�Z���� �‰�]�‰���o�]�v���� �(�µ�v���š�]�}�v�•�� ���•�� ����

�Á�}�Œ�l�(�o�}�Á�� �u���v���P���Œ�� ���v���� �]�v�š���P�Œ���š���•�� ���µ�•�š�}�u�� �Á�Œ�]�š�š���v�� �•���Œ�]�‰�š�•�� ���•�� �Á���o�o�� ���•�� �u�µ�o�š�]�‰�o���� �š�Z�]�Œ���r�‰���Œ�š�Ç��

�•�}�(�š�Á���Œ�����Á�]�š�Z���À���Œ�Ç�]�v�P�������‰���v�����v���]���•���~�&�]�P�µ�Œ�����ñ�•�X���/�š�����}�v�•�]�•�š�•���}�(�����}�š�Z���o�]�v�����Œ�����v�����(�}�Œ�l�������Á�}�Œ�l�(�o�}�Á�•��

���v���������v���������o���µ�v���Z���������Ç�������•�]�v�P�o�������}�u�u���v�����o�]�v���X���W���Œ���u���š���Œ�•�U���]�v�‰�µ�š�����v�����}�µ�š�‰�µ�š�����]�Œ�����š�}�Œ�]���•�����Œ����

�����•�]�o�Ç�������i�µ�•�š�����o�����]�v���������}�v�(�]�P�µ�Œ���š�]�}�v���(�]�o�����•�µ���Z���š�Z���š���š�Z�����‰�]�‰���o�]�v�����]�•�����‰�‰�o�]�������o�����š�}���À���Œ�]�����o���������š���•���š�•��

�]�v�� ���� �µ�•���Œ�r�����(�]�v������ �u���v�v���Œ�X�� �d�Z���� �‰�]�‰���o�]�v���� �]�•�� ���������•�•�]���o���� �]�v�� ���� �'�]�š�,�µ���� �Œ���‰�}�•�]�š�}�Œ�Ç�� �€�ï�ì�•�� �Á�Z���Œ����

�������]�š�]�}�v���o���]�v�(�}�Œ�u���š�]�}�v�������}�µ�š���š�Z�����]�u�‰�o���u���v�š�������•�}�(�š�Á���Œ�����š�}�}�o���À���Œ�•�]�}�v�•�����v�����‰���Œ���u���š���Œ���•���š�š�]�v�P�•��

�����v���������(�}�µ�v�����]�v���š�Z�����•�µ���(�}�o�����Œ���Z���}���•�[�X 

Figure 5. Flowchart of the pipeline structure. The inputs and outputs of the pipeline are depicted as black boxes. The 
solid arrows represent implementations which are custom written scripts or third-party software tools. The dashed 
arrows depict different gene sets that can be investigated.  

 

�d�Z�����u�]�v�]�u�µ�u���Œ���‹�µ�]�Œ�������]�v�‰�µ�š���(�}�Œ���š�Z�����‰�]�‰���o�]�v�����]�•�������•���š���}�(���&���^�d���r�(�}�Œ�u���š�š�������P���v�}�u�]�����•���‹�µ���v������

�(�]�o���•�X���/�v�������(�]�Œ�•�š���•�š���‰�U�����o�o���P���v���•�����Œ�������Æ�š�Œ�����š�������(�Œ�}�u���������Z���P���v�}�u�]�����•���‹�µ���v���������Ç���š�Z�����•�}�(�š�Á���Œ�����š�}�}�o��

�W�Œ�}�l�l�����€�ï�í�•�X���&�Œ�}�u���š�Z�}�•�����P���v���•�U�����o�o���‰�Œ�}�š���]�v�r���}���]�v�P���P���v���•�����Œ�������Æ�š�Œ�����š�����X���&�µ�Œ�š�Z���Œ�u�}�Œ���U���ð�ì���•�]�v�P�o���r

���}�‰�Ç�� �‰�Z�Ç�o�}�P���v���š�]���� �u���Œ�l���Œ�� �P���v���•�� �~�D�'�•�•�� �~�d�����o���� �^�í�•�� �€�ï�î�•�� ���}�v�š���]�v�]�v�P�� �u���v�Ç�� �Œ�]���}�•�}�u���o�� �‰�Œ�}�š���]�v��

�P���v���•�����v�����š�Z�E���r�•�Ç�v�š�Z���š���•���•�����Œ�������Æ�š�Œ�����š���������Ç���š�Z�����•�}�(�š�Á���Œ�����š�}�}�o���(���š���Z�D�'�•���€�ï�ï�•�X���&�Œ�}�u���š�Z�}�•�����ð�ì��

�D�'�•�U�������•�µ���•���š���}�(���í�ì���D�'�•���~�d�����o�����^�í�•���€�ï�î�•�����Œ�������Æ�š�Œ�����š�����X�����^�µ���•���‹�µ���v�š�o�Ç�U���š�Z�������}���}�v���(�Œ���‹�µ���v���]���•��

�}�(�� �š�Z���� �ò�ð���v���š�µ�Œ���o�� ���}���}�v�•�� ���Œ���� ���}�u�‰�µ�š������ �(�}�Œ���������Z���P���v���� �Á�]�š�Z������ ���µ�•�š�}�u�� �•���Œ�]�‰�š���]�u�‰�o���u���v�š������ �]�v��
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�W�Ç�š�Z�}�v�X�� �'���v���•�� �Á�Z�]���Z�� ���}�v�š���]�v�� �P���‰�•�� �����v�� ���]�š�Z���Œ�� ������ ���Æ���o�µ�������� �(�Œ�}�u�� �š�Z���� ���v���o�Ç�•�]�•�� �}�Œ�� �š�Z���� ���}���}�v��

�(�Œ���‹�µ���v���]���•�������v�������������š���Œ�u�]�v�������(�Œ�}�u�����}�š�Z�����v���•���}�(���š�Z�����P���v�����š�}�Á���Œ���•���š�Z�����(�]�Œ�•�š�����v���}�µ�v�š���Œ�������P���‰�X��

�d�}�� �]�����v�š�]�(�Ç�� ���o�µ�•�š���Œ�•�� �}�(�� �•�]�u�]�o���Œ�� ���}���}�v�� �µ�•���P���� �‰���š�š���Œ�v�•�� �����Œ�}�•�•�������•���o�����š������ �P���v���� �•���š�U�� �‰���]�Œ�Á�]�•����

���µ���o�]�������v�� ���]�•�š���v�����•�� �����š�Á�����v�� �š�Z���� �P���v�}�u���•�� ���Œ���� ���}�u�‰�µ�š�����X���&�µ�Œ�š�Z���Œ�u�}�Œ���U�� �š�Z���� �u�]�v�]�u�µ�u��

�P���v���Œ���š�]�}�v���š�]�u���•�����Œ�����‰�Œ�����]���š�����������•�������}�v���š�Z�������}���}�v���µ�•���P�������]���•���]�v�š���v�•�]�š�Ç���]�v���Z�]�P�Z�o�Ç�����Æ�‰�Œ���•�•������

�P���v���•�����}�u�‰���Œ�������š�}���v�}�v�r�Z�]�P�Z�o�Ç�����Æ�‰�Œ���•�•�������P���v���•�����Ç���š�Z�����š�}�}�o���'�Œ�}�Á�š�Z�W�Œ�������€�ï�ð�•�����v�����š�Z�����v�µ�u�����Œ�•��

�}�(���������Z���š�Z�E�������v�š�]���}���}�v���Á�]�š�Z�����v�����Á�]�š�Z�}�µ�š���Œ�����µ�v�����v���Ç�����Œ���������š���Œ�u�]�v�����X�������‰�Z�Ç�o�}�P���v���š�]�����š�Œ�������]�•��

���µ�]�o�š�������•�������}�v���š�Z�����u���Œ�l���Œ���P���v�������K�'�ì�ì�í�î���~�d�����o�����^�í�•�����Ç���š�Z�����•�}�(�š�Á���Œ�����‰�����l���P���•���D�h�^���>���U���/�Y�r

�d�Z������ ���v���� ���d���� �d�}�}�o�l�]�š���€�ï�ñ�U�ï�ò�U�ï�ó�•�X�� ���À���Œ���P���� �v�µ���o���}�š�]������ �]�����v�š�]�š�Ç�� �~���E�/�•�� ���v���� ���À���Œ���P���� ���u�]�v�}�� �����]����

�]�����v�š�]�š�Ç���~�����/�•�����Œ�������}�u�‰�µ�š���������Ç�����Z���‰���€�ï�ô�•�����v�������}�u�‰���Œ���D���€�ï�õ�•���Œ���•�‰�����š�]�À���o�Ç���(�}�Œ���������Z���P���v�}�u����

�‰���]�Œ�������Œ�}�•�•�������P�]�À���v���P���v�����•���š�X 

�d�Z���� �‰�]�‰���o�]�v���� �Á���•�� ���Æ�š���v�������� ���Ç�����}�Á�v�•�š�Œ�����u�� ���v���o�Ç�•���•�� �]�v�� �W�Ç�š�Z�}�v�� ���v���� �Z�� �š�}�� �À�]�•�µ���o�]�Ì���� �š�Z���� ���}���}�v��

�µ�•���P�����‰���š�š���Œ�v�•�U���š�}���‰���Œ�(�}�Œ�u�����o�µ�•�š���Œ�]�v�P�����}�š�Z�������•�������}�v���•���‹�µ���v�������•�]�u�]�o���Œ�]�š�Ç�����v�����š�Z�������}���}�v���µ�•���P����

�‰���š�š���Œ�v�•�� ���v���� �š�}�� ���}�v���µ���š�� �•�š���š�]�•�š�]�����o�� �š���•�š�•�X���&�µ�Œ�š�Z���Œ�u�}�Œ���U�� �š�Z���� �v�µ�š�Œ�]���v�š�� ���}�•�š�•�� �}�(�� �š�Z���� ���]�(�(���Œ���v�š��

���}���}�v�•���}�v���š�Z�����o���À���o�•���}�(�����}�µ���o���r�•�š�Œ���v�����������E�������v�����•�]�v�P�o���r�•�š�Œ���v���������u�Z�E�����Á���Œ���������š���Œ�u�]�v�������š�}��

�‰�}�š���v�š�]���o�o�Ç���o�]�v�l���v�µ�š�Œ�]���v�š�����}�•�š�•���]�u�‰�o�]���������Ç�����}���}�v���µ�•���P�����‰���š�š���Œ�v�•���š�}���v�µ�š�Œ�]���v�š���o�]�u�]�š���š�]�}�v�X�� 

 

�î�X�î�����o�µ�•�š���Œ�]�v�P�������•�������}�v���•���‹�µ���v�������•�]�u�]�o���Œ�]�š�Ç�����v�������}���}�v���µ�•���P�����‰���š�š���Œ�v�• 

�d�Z�����•���‹�µ���v�������•�]�u�]�o���Œ�]�š�]���•�������š�Á�����v���š�Z�����P���v�}�u���•���Á���Œ�������•�š�����o�]�•�Z���������Ç�����}�u�‰�µ�š�]�v�P�����E�/�����v���������/��

�}�v�� �š�Z���� �o���À���o�•�� �}�(�� ���]�(�(���Œ���v�š�� �P���v���� �•���š�•�U�� �v���u���o�Ç�� �í�� �D�'�U�� �í�ì�� �D�'�•�U�� �ð�ì�� �D�'�•�� ���v���� ���o�o�� �‰�Œ�}�š���]�v�r���}���]�v�P��

�P���v���•�X�������•�������}�v���š�Z�����‰���]�Œ�Á�]�•�������E�/�����v���������/���À���o�µ���•�U���Z�]���Œ���Œ���Z�]�����o�����o�µ�•�š���Œ�]�v�P���Á���•���‰���Œ�(�}�Œ�u�������Á�]�š�Z��

�š�Z�������]�•�š���v�������u���š�Œ�]�����A���Z���µ���o�]�������v�[�����v�����š�Z�����o�]�v�l���P�����u���š�Z�}�� �A �Z���}�u�‰�o���š���[�X�� 

�d�Z�������}���}�v�����}�µ�v�š�•���}�(���������Z���}�(���š�Z�����ò�ð���v���š�µ�Œ���o�����}���}�v�•���]�v���������Z���P���v�������v�����•�µ���•���‹�µ���v�š�o�Ç�U���š�Z�������}���}�v��

�(�Œ���‹�µ���v���]���•�������Œ�}�•�•�����o�o���P���v���•���]�v�������P�]�À���v���P���v�����•���š���Á���Œ���������š���Œ�u�]�v�����X�����µ���o�]�������v�����]�•�š���v�����•�� �Á���Œ����

�����o���µ�o���š�������(�}�Œ���������Z���P���v�}�u�����‰���]�Œ�������•�������}�v���š�Z�������}���}�v���(�Œ���‹�µ���v���]���•�������Œ�}�•�•���š�Z�����P���v�����•���š�X���h�v�]�(�}�Œ�u��

�D���v�]�(�}�o���� ���‰�‰�Œ�}�Æ�]�u���š�]�}�v�� ���v���� �W�Œ�}�i�����š�]�}�v�� �(�}�Œ�� ���]�u���v�•�]�}�v�� �Z�����µ���š�]�}�v�� �~�h�D���W�•�� �€�ð�ì�•���Á���•�� �µ�•���������•��

���]�u���v�•�]�}�v�� �Œ�����µ���š�]�}�v�� �š�����Z�v�]�‹�µ���� ���v���� �•�µ���•���‹�µ���v�š�o�Ç�U�� �,�]���Œ���Œ���Z�]�����o�� �����v�•�]�š�Ç�r�����•������ �^�‰���š�]���o��

���o�µ�•�š���Œ�]�v�P�� �}�(�� ���‰�‰�o�]�����š�]�}�v�•�� �Á�]�š�Z�� �E�}�]�•���� �~�,�����^�����E�•�� �€�ð�í�•���Á���•�� �µ�•������ �š�}�� �����š���Œ�u�]�v���� ���}���}�v�r�µ�•���P���r

�����•������ ���o�µ�•�š���Œ�•�X�� �d�Z���� �‰���Œ���u���š���Œ�� ���Z�}�]�����•�� �(�}�Œ�� �š�Z���� �v�µ�u�����Œ���}�(�� �v���]�P�Z���}�µ�Œ�•�� ���v���� ���]�u���v�•�]�}�v�•�� �(�}�Œ��

�h�D���W�� ���v���� �(�}�Œ�� �š�Z���� �u�]�v�]�u�µ�u�� ���o�µ�•�š���Œ�� �•�]�Ì���� �(�}�Œ�� �,�����^�����E�� �Á���Œ���� �]�v�(���Œ�Œ������ ���Ç�� �u���Æ�]�u�]�Ì�]�v�P�� �š�Z����

�^�]�o�Z�}�µ���š�š�������}���(�(�]���]���v�š�U���Á�Z�]���Z���Á���•���]�v���š�µ�Œ�v���µ�•�������š�}�����À���o�µ���š�������o�µ�•�š���Œ�]�v�P���‰���Œ�(�}�Œ�u���v�����X 
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�î�X�ï���^�š���š�]�•�š�]�����o���d���•�š�• 

�d�Z���� ���}���}�v�r�µ�•���P���r�����•������ ���o�µ�•�š���Œ�•�� �Á���Œ���� �š���•�š������ �(�}�Œ�� �•�]�P�v�]�(�]�����v�š�� ���]�(�(���Œ���v�����•�� �]�v�� �����v�š�Œ�}�]���•���}�Œ��

���]�•�‰���Œ�•�]�}�v�� ���Ç�������‰���Œ�u���E�K�s���� �����Œ�Œ�]������ �}�µ�š�� �}�v�� �š�Z���� ���}���}�v�r�µ�•���P���r�����•������ ���µ���o�]�������v�� ���]�•�š���v�����•�X��

�,�}�u�}�P���v���]�š�Ç���}�(���š�Z�����Á�]�š�Z�]�v�r���o�µ�•�š���Œ�����]�•�‰���Œ�•�]�}�v�•���Á���•�����À���o�µ���š���������Ç���š�Z�����(�µ�v���š�]�}�v�������š�����]�•�‰���Œ���]�v���Z��

�š�}�� ���v�•�µ�Œ���� �š�Z���š�� �š�Z�]�•�� ���•�•�µ�u�‰�š�]�}�v�� �}�(�� �š�Z���� �‰���Œ�u���E�K�s���� �]�•�� �u���š�X���d�Z���� ���}���}�v�•�� �Œ���•�‰�}�v�•�]���o���� �(�}�Œ��

�•�]�P�v�]�(�]�����v�š�����]�(�(���Œ���v�����•�������š�Á�����v���š�Z�������o�µ�•�š���Œ�•���Á���Œ���������š���Œ�u�]�v���������Ç���<�Œ�µ�•�l���o���t���o�o�]�•���š���•�š�•�����v�����š�Z����

���o�µ�•�š���Œ�•���(�}�Œ���Á�Z�]���Z���š�Z�}�•�������}���}�v�•���•�]�P�v�]�(�]�����v�š�o�Ç�����]�(�(���Œ�������Á���Œ�����]�����v�š�]�(�]���������Ç���‰���]�Œ�Á�]�•�������µ�v�v�[�•���š���•�š�•�X��

�&���Z�� ���}�Œ�Œ�����š�]�}�v�•�� �(�}�Œ�� �u�µ�o�š�]�‰�o���� �š���•�š�]�v�P�� �Á���Œ���� ���‰�‰�o�]������ �š�}�� ���}�Œ�Œ�����š�� �(�}�Œ�� �ò�ð�Ž�~�‰���]�Œ�Á�]�•���� ���o�µ�•�š���Œ��

���}�u�‰���Œ�]�•�}�v�•�•�� �š���•�š�•�X�� �d�Z���� ���o�µ�•�š���Œ�� �•���u�‰�o���� �•�]�Ì���•�� �Á���Œ���� ���‹�µ���o�]�Ì������ ���Ç�� �Œ���v���}�u�� ���o�]�u�]�v���š�]�}�v�� �}�(������

�v�µ�u�����Œ���}�(���•���u�‰�o���•���(�Œ�}�u�����(�(�����š���������o�µ�•�š���Œ�•���š�}�������Z�]���À�����•�]�u�]�o���Œ�����o�µ�•�š���Œ���•�]�Ì���•�X�� 

 

�î�X�ð�������i�µ�•�š�u���v�š�•���š�}���u���š���P���v�}�u���r���•�•���u���o�������P���v�}�u���• 

�d�Z���� �‰�]�‰���o�]�v���� �Á���•�� �����i�µ�•�š������ �š�}�� ���v���o�Ç�•���•�� �}�(�� �u���š���P���v�}�u���r���•�•���u���o������ �P���v�}�u���•�� �~�D���'�•�•�� ���Ç��

�]�u�‰�o���u���v�š�]�v�P�� �u�µ�o�š�]�‰�o���� ���}�u���]�v������ �‹�µ���o�]�š�Ç�� �(�]�o�š���Œ�•�U�� �v���u���o�Ç�� �u�]�v�]�u�µ�u�����}�u�‰�o���š���v���•�•�� �€�ð�î�•�U��

�u���Æ�]�u�µ�u�� ���}�v�š���u�]�v���š�]�}�v�� �€�ð�î�•�U�� �u�]�v�]�u�µ�u�� �P���v�}�u���� �•�]�Ì���U�� ���� �Œ���v�P���� �}�(�� �v�µ�u�����Œ�•�� �}�(�� �P���v���•�U������

�u�]�v�]�u�µ�u���v�µ�u�����Œ���}�(���•�]�v�P�o���r���}�‰�Ç���‰�Z�Ç�o�}�P���v���š�]�����u���Œ�l���Œ���P���v���•�����v���������u�]�v�]�u�µ�u���v�µ�u�����Œ���}�(���š�Z�E����

�•�Ç�v�š�Z���š���•���•�X���d�Z���� �‰���Œ���u���š���Œ�•�� �µ�•������ �(�}�Œ�� �š�Z���� �‹�µ���o�]�š�Ç�� �(�]�o�š���Œ�•�� �Á���Œ���� �����(�]�v������ �]�v�� �š�Z�����‰�]�‰���o�]�v����

���}�v�(�]�P�µ�Œ���š�]�}�v�� �(�]�o���� �š�}�� �����������•�]�o�Ç�� �����i�µ�•�š�����o���� �š�}�� ���v�Ç�� �•�‰�����]���•�r�o���À���o�� ���o�µ�•�š���Œ�X���d�Z���� ���}�u���]�v������ �‹�µ���o�]�š�Ç��

�(�]�o�š���Œ�•���Á���Œ�������‰�‰�o�]�������š�}���]�����v�š�]�(�Ç�������•�µ���•���š���}�(���Z�]�P�Z�r�‹�µ���o�]�š�Ç���D���'�•�X�� 

�E�}�š�� ���o�o�� �Z�]�P�Z�r�‹�µ���o�]�š�Ç�� �D���'�•�� �Á���Œ���� �(�}�µ�v���� �š�}�� ���}�v�š���]�v�� ���o�o�� �ð�ì�� �•�]�v�P�o���r���}�‰�Ç�� �‰�Z�Ç�o�}�P���v���š�]���� �u���Œ�l���Œ��

�P���v���• �~�D�'�•�•�X���d�Z���Œ���(�}�Œ���U���š�Z�����ð�ì���D�'�•���Á���Œ�����š���•�š�������(�}�Œ���Œ�}���µ�•�š�v���•�•���š�}�Á���Œ���•���š�Z�����Œ���u�}�À���o���}�(�����v�Ç��

�D�'���(�Œ�}�u���š�Z�����•�µ���•���š���~�&�]�P�µ�Œ�����^�í�•�X�����}�u�‰���Œ�����]�o�]�š�Ç���}�(���š�Z�������}���}�v���µ�•���P�����‰���š�š���Œ�v�•���Á���•���}�v�o�Ç���P�]�À���v���(�}�Œ��

�•�Z���Œ�������P���v�����•���š�•�����u�}�v�P���š�Z�����D���'�•�����v�������v�Ç���u�]�•�•�]�v�P���D�'�•���]�v�����v�Ç���}�(���š�Z�����D���'�•���Á���Œ�����(�}�µ�v�����š�}��

�]�v�š�Œ�}���µ�������v�}�]�•���X���d�}���������Œ���•�•���š�Z�����š�Œ�������r�}�(�(�������š�Á�����v���š�Z�����v�µ�u�����Œ���}�(���D���'�•�����v�����š�Z�����v�µ�u�����Œ���}�(��

�D�'�•�U�������(�]�o�š���Œ���(�}�Œ���•�����Œ���Z�]�v�P�������•�µ���•���š���}�(���•�Z���Œ�������D�'�•�����u�}�v�P�������•�µ���•���š���}�(���Z�]�P�Z�r�‹�µ���o�]�š�Ç���D���'�•���Á���•��

�]�u�‰�o���u���v�š�����X���/�v�������(�]�Œ�•�š���•�š���‰�U�������•�µ���•���š���}�(���D�'�•���Á�Z�]���Z���Á���Œ�����‰�Œ���•���v�š���]�v�������u�]�v�]�u�µ�u���‰���Œ�����v�š���P�����}�(��

�š�Z���� �D���'�•�� �Á���Œ���� �•���o�����š�����X�� �d�Z���Œ�����(�š���Œ�U�� �š�Z�����D���'�•�� ���}�v�š���]�v�]�v�P�� ���o�o�� �D�'�•�� �]�v�� �š�Z���� �•�µ���•���š�� �Á���Œ����

�]�����v�š�]�(�]�����X���d�Z�����•�µ���•���š���}�(���D�'�•���Á���•�����Æ�š���v���������]�(�� �š�Z�}�•���� �D���'�•���•�Z���Œ�������������]�š�]�}�v���o���D�'�•�X���/�š���Œ���š�]�À����

�•�š���‰�•�� �(�}�Œ�� ���� �Œ���v�P���� �}�(�� �u�]�v�]�u�µ�u�� �‰���Œ�����v�š���P���•�� �Á���Œ���� �‰���Œ�(�}�Œ�u������ �š�}�� �‰�Œ�����]���š�� �‰�}�•�•�]���o���� �•�µ���•���š�•�� �}�(��

�D���'�•���Á�]�š�Z���•�Z���Œ�������D�'�•���~�&�]�P�µ�Œ�� �^�î�•�����v�����š�}�����Z�}�}�•���������•�µ���•���š���}�(���D���'�•���Á�]�š�Z���•�Z���Œ�������D�'�•�X�� 

  



8 
 

�î�X�ñ�������š���•���š�•�� 

�î�X�ñ�X�í�������š���•���š�•�W���������š���Œ�}�]�����•���(�Œ���P�]�o�]�• 

�d�Z�����Z�Ç�‰�}�š�Z���•�]�•���}�(���‰�}�š���v�š�]���o�����}���}�v���µ�•���P�������]���•���•�����v�����Œ�����µ���������v�µ�u�����Œ�•���}�(���š�Z�E���•���Á���•�������•�������}�v��

�(�]�À�����������š���Œ�}�]�����•���(�Œ���P�]�o�]�•���P���v�}�u���•���~�E�����/���d���Æ�}�v�}�u�Ç���/���•�W���ð�ñ�ó�ï�õ�î�U���î�õ�ñ�ð�ì�ñ�U���ð�ò�õ�ñ�ô�ó�U���î�ó�î�ñ�ñ�õ�����v����

�ð�ñ�ó�ð�î�ð�•�X�� �d�Z�Œ������ �}�(�� �š�Z�}�•���� �P���v�}�u���•�� �Á���Œ���� �]�����v�š�]�(�]�����o���� ���•�� ���^�D�î�ñ�õ�ô�À�í�U�� ���^�D�õ�õ�î�À�í�� ���v����

���^�D�í�ñ�ó�ì�í�À�í���}�v���E�����/���€�î�õ�•�X�����^�D�í�ñ�ó�ì�í�À�í���Á���•���(�}�µ�v�����š�}�����}�v�š���]�v�������Œ�����µ���������v�µ�u�����Œ���}�(���š�Z�E���•�U��

�í�í�9�����]�(�(���Œ���v�������]�v�����E�/�����v�����}�v�o�Ç���ì�X�ï�9�����]�(�(���Œ���v�������]�v�������/���Á�Z���v�����}�u�‰���Œ�]�v�P���š�Z�����•���‹�µ���v�����•���}�(���š�Z����

�•�]�v�P�o���r���}�‰�Ç���‰�Z�Ç�o�}�P���v���š�]�����u���Œ�l���Œ���P���v�������K�'�ì�ì�í�î���~�'�d�W�r���]�v���]�v�P���‰�Œ�}�š���]�v���z���Z�&�U���ï�ò�ô�������U���d�����o�����^�í�•�X��

�d�Z�µ�•�U�� �š�Z�]�•�� �P���v�}�u���� �Á���•�� �Z�Ç�‰�}�š�Z���•�]�Ì������ �š�}�� ���}�v�š���]�v�� �}�‰�š�]�u�]�Ì������ ���}���}�v�� �µ�•���P���� �š�Z�Œ�}�µ�P�Z�� ���o�š���Œ�v���š�]�À����

�µ�•�����}�(���•�Ç�v�}�v�Ç�u�}�µ�•�����}���}�v�•���]�v�����}�u���]�v���š�]�}�v���Á�]�š�Z�������Œ�����µ���������v�µ�u�����Œ���}�(���š�Z�E���•���o�������]�v�P���š�}���P�Œ�}�Á�š�Z��

�����À���v�š���P���•�� ���v���� �‰���š�Z�}�P���v�]���]�š�Ç�X�� �d�Z���� ���}�u�‰�µ�š���š�]�}�v���o�� �‰�]�‰���o�]�v���� �Á���•�� �����À���o�}�‰������ �}�v������ �����š���•���š�� �}�(��

�í�ò �������š���Œ�}�]�����•���(�Œ���P�]�o�]�•���P���v�}�u���•�X�����o�o�����}�u�‰�o���š�������X���(�Œ���P�]�o�]�•���P���v�}�u���•�����À���]�o�����o�����}�v���E�����/���~�í�ñ���}�µ�š���}�(��

�í�ô�ò�•���€�î�õ�•���]�v���o�µ���]�v�P�����^�D�î�ñ�õ�ô�À�í�����v�������^�D�õ�õ�î�À�í���Á���Œ�������}�Á�v�o�}���������X�����^�D�í�ñ�ó�ì�í�À�í���Á���•���(�}�µ�v�����š�}��

�Z���À�����•�����(�(�}�o�������•�•���u���o�Ç���o���À���o�����µ�š���Á���•���������������š�}���š�Z���������š���•���š�����µ�����š�}�������]�v�P���Z�Ç�‰�}�š�Z���•�]�Ì�������š�}���Z���À����

���}���}�v���µ�•���P�������]���•���•���o�������]�v�P���š�}���P�Œ�}�Á�š�Z�������À���v�š���P���•�X�� 

�&�}�Œ���š���•�š�]�v�P���š�Z�����‰���š�Z�}�P���v�]���]�š�Ç���Z�Ç�‰�}�š�Z���•�]�•�U�����o�o�����}�u�‰�o���š�������v�����•�����(�(�}�o�������•�•���u���o�Ç���o���À���o���P���v�}�u���•���}�(��

���X�� �(�Œ���P�]�o�]�•�� �~�ó�ò�� �}�µ�š�� �}�(�� �í�ô�ò�•�� �€�î�õ�•�� �Á���Œ���� �•���Œ�����v������ �(�}�Œ�� �š�Z�����������š���Œ�}�]�����•�� �(�Œ���P�]�o�]�•���‰���š�Z�}�P���v�]���]�š�Ç��

�]�•�o���v�� �~���(�W���/�•���€�ð�ï�•���µ�•�]�v�P�����}�u�u���v�����o�]�v�������o���•�š�v�X���/�v���š�Z�����]�v�]�š�]���o�������š���•���š�U���}�v�����P���v�}�u�����Á���•���(�}�µ�v�����š�}��

���}�v�š���]�v���š�Z�����Á�Z�}�o�������(�W���/�������š���P�}�Œ�]�Ì�]�v�P���š�Z�]�•���P���v�}�u�������•���‰���š�Z�}�P���v�]���X���^�]�Æ���P���v�}�u���•���Á���Œ�����(�}�µ�v�����š�}��

���}�v�š���]�v�� �š�Z���� ���u�‰�š�Ç�� ���(�W���/�� ���}�v�š���]�v�]�v�P�� �u�}���]�o�]�Ì���š�]�}�v�� �‰�Œ�}�š���]�v�•�� �]�v�� �š�Z���� �(�o���v�l�]�v�P�� �Œ���P�]�}�v�•�� �Á�Z�]���Z��

�(�µ�v���š�]�}�v�� ���•�� �]�v�•���Œ�š�]�}�v�� �•�]�š���•�� �(�}�Œ�� �š�Z���� �À�]�Œ�µ�o���v������ �(�����š�}�Œ�•�� �€�ð�ð�•�X�� �d�Z�Œ�}�µ�P�Z�� �š�Z���� ���o���•�š�v�� �•���Œ�����v�U�� �í�î��

�������]�š�]�}�v���o�� �P���v�}�u���•�� ���}�v�š���]�v�]�v�P�����(�W���/�� �Á���Œ���� �]�����v�š�]�(�]�����X���d�Z�����]�v�]�š�]���o�������š���•���š�� �}�(�� �í�ò �P���v�}�u���•�� �Á���•��

���Æ�š���v���������š�} �î�ô���P���v�}�u���•���Á�]�š�Z�����š���o�����•�š���•�����(�(�}�o�������•�•���u���o�Ç���o���À���o���Œ���‰�Œ���•���v�š�]�v�P���í�ñ���v�}�v�r�‰���š�Z�}�P���v�]����

���v�����í�ï���‰���š�Z�}�P���v�]�����•�š�Œ���]�v�•�X 

�î�X�ñ�X�î�������š���•���š�•�W�����o�š���Œ�}�u�}�v���•���u�����o���}���]�] 

�&�Œ�}�u���š�Z�������}�o�o�����š�]�}�v���}�(���ï�ñ�[�ì�ì�ì���}�������v���D���'�•�U���^���'�•�����v�����Z���&�'�•�����v���������•�������}�v���E���ô�[�ì�ì�ì�� �•�‰�����]���•�r

�o���À���o�����o�µ�•�š���Œ�•�������o�]�v�����š���������Ç���š�Z�����•�}�(�š�Á���Œ�����š�}�}�o�•���•�‰�����/���€�ð�ñ�•�����v�������Z���‰���€�ï�ô�•���€�í�î�•�U���š�Z�����•�‰�����]���•�r�o���À���o��

���o�µ�•�š���Œ�� ���o�µ�•�š���Œ�z�í�ò�ó�ñ�� �€�í�ñ�•�� ���}�v�š���]�v�]�v�P�� �í�î�í�� �D���'�•�� �]�����v�š�]�(�]������ ���•�����o�š���Œ�}�u�}�v���•�� �u�����o���}���]�]�� �Á���•��

�•���o�����š������ �(�}�Œ�� �]�v�À���•�š�]�P���š�]�}�v�� �}�(�� ���}���}�v�� �µ�•���P���� ���]���•���•�� ���o�}�v�P�� ���v�À�]�Œ�}�v�u���v�š���o�� �P�Œ�����]���v�š�•�X���d�Z���� �D���'�•��

�Á���Œ���� �•�]�u�µ�o�š���v���}�µ�•�o�Ç�� �(�]�o�š���Œ������ �(�}�Œ�� �E �ó�ì�9�� ���}�u�‰�o���š���v���•�•�U�� �D �ñ�9�� ���}�v�š���u�]�v���š�]�}�v�U�� ���� �u�]�v�]�u�µ�u��

�P���v�}�u���� �•�]�Ì���� �}�(�� �ï �D���U�������Œ���v�P���� �}�(�� �P���v���� �v�µ�u�����Œ�•�� �����š�Á�����v�� �î�[�ñ�ì�ì�� ���v���� �ñ�[�ì�ì�ì�U�� �E �í�ô �D�'�•�� ���v����
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�E �í�ì �š�Z�E���•���‰�Œ���•���v�š���]�v���������Z���D���'�X���ò�ï �P���v�}�u���•���‰���•�•�������š�Z���•�������}�u���]�v�������‹�µ���o�]�š�Ç���(�]�o�š���Œ�•�X�������•�µ���•���š��

�}�(���í�î �D�'�•���~�d�����o�����^�í�•���‰�Œ���•���v�š���]�v�����š���o�����•�š���õ�ì�9���}�(���š�Z�����Z�]�P�Z�r�‹�µ���o�]�š�Ç���D���'�•���Á���•���]�����v�š�]�(�]�����X���ð�ð���}�µ�š��

�}�(�� �š�Z���� �ò�ï�� �Z�]�P�Z�r�‹�µ���o�]�š�Ç �D���'�•�� �Á�]�š�Z�� �š�Z�}�•�����í�î�� �•�Z���Œ������ �D�'�•�� �Á���Œ���� �µ�•������ �(�}�Œ�� �š�Z���� �]�v�À���•�š�]�P���š�]�}�v�� �}�(��

���}���}�v���µ�•���P�������]���•���•�X 

�î�X�ñ�X�ï�� �����š���•���š�•�W�� �h�v���µ�o�š�µ�Œ������ �•�‰�����]���•�r�o���À���o�� ���o�µ�•�š���Œ���}�(���š�Z���� �‰�Z�Ç�o�µ�u�����Z�o�}�Œ�}�(�o���Æ�]�� ���v���� �š�Z���� ���o���•�•��

�����Z���o�}���}�����}�]���]�� 

�&�Œ�}�u���š�Z�������}�o�o�����š�]�}�v���}�(���ï�ñ�[�ì�ì�ì���}�������v���D���'�•�U���^���'�•�����v�����Z���&�'�•�����v���������•�������}�v���E���ô�[�ì�ì�ì�� �•�‰�����]���•�r

�o���À���o�����o�µ�•�š���Œ�•�������o�]�v�����š���������Ç���š�Z�����•�}�(�š�Á���Œ�����š�}�}�o���•�‰�����/�� �€�ð�ñ�•�����v�������Z���‰���€�ï�ô�•���€�í�î�•�U�����v���µ�v���µ�o�š�]�À���š������

�•�‰�����]���•�r�o���À���o�����o�µ�•�š���Œ���€�í�ñ�•���}�(���š�Z�����‰�Z�Ç�o�µ�u�����Z�o�}�Œ�}�(�o���Æ�]�����v�����š�Z�������o���•�•�������Z���o�}���}�����}�]���]�������}�v�š���]�v�]�v�P��

�ñ�ð���D���'�•���Á���•���•���o�����š�������(�}�Œ���]�v�À���•�š�]�P���š�]�}�v���}�(�����}���}�v���µ�•���P�������]���•���•�����o�}�v�P�����v�À�]�Œ�}�v�u���v�š���o���P�Œ�����]���v�š�•�X��

�d�Z���� �‹�µ���o�]�š�Ç�� �(�]�o�š���Œ�•�� �(�}�Œ�� �š�Z���� �D���'�•�� �Á���Œ���� �•���š�� �š�}�� �E �ó�ì�9�� ���}�u�‰�o���š���v���•�•�U�� �D �ñ�9�� ���}�v�š���u�]�v���š�]�}�v�U�� ����

�u�]�v�]�u�µ�u�� �P���v�}�u���� �•�]�Ì���� �}�(�� �ô�ì�ì�[�ì�ì�ì�������•���•�U�������Œ���v�P���� �}�(�� �P���v���� �v�µ�u�����Œ�•�� �����š�Á�����v�� �ô�ì�ì�� ���v���� �í�ñ�ì�ì�U��

�E �í�ô �D�'�•�����v�����E �í�ì �š�Z�E���•���‰�Œ���•���v�š���]�v���������Z���D���'�X���ï�õ���}�µ�š���}�(���ñ�ð���P���v�}�u���•���‰���•�•�������š�Z���•�������}�u���]�v������

�‹�µ���o�]�š�Ç���(�]�o�š���Œ�•�X�������•�µ���•���š���}�(���í�ô���D�'�•���~�d�����o�����^�í�•���‰�Œ���•���v�š���]�v�����š���o�����•�š���õ�ñ�9���}�(���š�Z�����Z�]�P�Z�r�‹�µ���o�]�š�Ç���D���'�•��

�Á���•���]�����v�š�]�(�]�����X���ï�ï���}�µ�š���}�(���š�Z�����ï�õ���Z�]�P�Z�r�‹�µ���o�]�š�Ç���D���'�•���Á�]�š�Z���š�Z�}�•�����í�ô���•�Z���Œ�������D�'�•���Á���Œ�����µ�•�������(�}�Œ��

�š�Z�����]�v�À���•�š�]�P���š�]�}�v���}�(�����}���}�v���µ�•���P�������]���•���•�X 

 

�î�X�ò���/�����v�š�]�(�]�����š�]�}�v���}�(���v�µ�š�Œ�]���v�š���o�]�u�]�š���š�]�}�v�� 

���Œ�}���������Œ�����•���}�(���v�µ�š�Œ�]���v�š�����}�v���]�š�]�}�v�•���Á���Œ�����]�����v�š�]�(�]�������(�Œ�}�u���o�]�š���Œ���š�µ�Œ�����€�î�U�í�ò�U�î�í�r�î�ð�U�ð�ò�•�����v�����}�v�o�]�v����

�����š�������•���•�� �€�î�ì�U�ð�ó�•�X���&�µ�Œ�š�Z���Œ�u�}�Œ���U�� �u���š�������š���� ���v���o�Ç�•���•�� �Á���Œ���� �‰���Œ�(�}�Œ�u������ �š�}�� �����š���Œ�u�]�v���� �š�Z����

�À���Œ�]���š�]�}�v���]�v���v�µ�š�Œ�]���v�š�����}�v�����v�š�Œ���š�]�}�v�•�����š���š�Z�����•���u�‰�o�]�v�P���}�Œ�]�P�]�v�•���}�(�����]�(�(���Œ���v�š���D���'�•���Á�]�š�Z�]�v�������•�‰�����]���•�X��

�D���š�������š���� �(�Œ�}�u�� �š�Z���� �•���u�‰�o�]�v�P�� �o�}�����š�]�}�v�•�� �}�(�� �š�Z���� �u���š���P���v�}�u���•�� �o�������]�v�P�� �š�}�� �š�Z���� �D���'�•�� �µ�v�����Œ��

�]�v�À���•�š�]�P���š�]�}�v�� �Á���Œ���� �š���•�š������ �(�}�Œ�� �•�]�P�v�]�(�]�����v�š�� ���]�(�(���Œ���v�����•�� �����š�Á�����v�� �š�Z���� ���}���}�v�� �µ�•���P���� �‰���š�š���Œ�v�•�X���&�}�Œ��

�D���'�•�� �}�Œ�]�P�]�v���š�]�v�P�� �(�Œ�}�u�� �u���š���P���v�}�u���•�� �}�(�� �š�Z���� �D���o���•�‰�]�v���� ���Æ�‰�����]�š�]�}�v�U�� �����‰�š�Z�����v���� �š���u�‰���Œ���š�µ�Œ����

�Á���Œ���� �š�Z���� �}�v�o�Ç�� ���À���]�o�����o���� ���v�À�]�Œ�}�v�u���v�š���o�� �(�����š�µ�Œ���•�� �š�Z�µ�•�� �v�}�� �]�v�(�}�Œ�u���š�]�}�v�� �����}�µ�š�� �v�µ�š�Œ�]���v�š��

���}�v�����v�š�Œ���š�]�}�v�•�� �•�µ���Z�� ���•�� �v�]�š�Œ���š���U�� �v�]�š�Œ�]�š���U�� ���u�u�}�v�]�µ�u�� ���v���� �]�Œ�}�v�� �Á���•�� �P�]�À���v�X���d�Z���� ���v�À�]�Œ�}�v�u���v�š���o��

�(�����š�µ�Œ���•�����v�����}�š�Z���Œ���u���š�������š�����}�(���š�Z�����D���'�•���Á���Œ�������}�u�‰���Œ�����������š�Á�����v���š�Z�������o�µ�•�š���Œ�•���(�}�Œ���•�]�P�v�]�(�]�����v�š��

���]�(�(���Œ���v�����•�����Ç�� �t���o���Z�[�•�� �š�r�d���•�š�•�X�� �D���š�������š���� ���v���� �v�µ�š�Œ�]���v�š�� ���}�v�����v�š�Œ���š�]�}�v�•�� �Á���Œ���� ���•�•�µ�u������ �š�}�� ������

�]�v�����‰���v�����v�š���(�����š�µ�Œ���•�����v�����Á���Œ�����š�Z���Œ���(�}�Œ�����š���•�š�������]�v���]�À�]���µ���o�o�Ç���Á�]�š�Z���š�Z�����•���u�����&���Z�����}�Œ�Œ�����š�]�}�v�•��

���•���(�}�Œ���š�Z�����}�š�Z���Œ���•�š���š�]�•�š�]�����o���š���•�š�•���~�•�������D���š�Z�}���•���î�X�ï�•�X  
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�ï�X���Z���•�µ�o�š�• 

�ï�X�í���d���•�š�������•���W���������š���Œ�}�]�����•���(�Œ���P�]�o�]�• 

�D�}�•�š���������š���Œ�}�]�����•�� �(�Œ���P�]�o�]�•���•�š�Œ���]�v�•�� ���Œ���� ���}�u�u���v�•���o�� ���}�u�u�µ�v�]�š�Ç�� �u���u�����Œ�•�� �}�(�� �š�Z���� �Z�µ�u���v�� �P�µ�š��

�u�]���Œ�}���]�}�u�����~�v�}�v�r�š�}�Æ�]�P���v�]�������X �(�Œ���P�]�o�]�•�U���E�d���&�•���€�ð�ð�•�X���,�}�Á���À���Œ�U���•�}�u�����•�š�Œ���]�v�•�������Œ�Œ�Ç�������������š���Œ�}�]�����•��

�(�Œ���P�]�o�]�•���‰���š�Z�}�P���v�]���]�š�Ç�� �]�•�o���v���� �~���(�W���/�•�� �Á�Z�]���Z�� ���}�v�š���]�v�•�� �P���v���•�� ���v���}���]�v�P�� �(�}�Œ�������u���š���o�o�}�‰�Œ�}�š�����•����

�~���X �(�Œ���P�]�o�]�•�����v�š���Œ�}�š�}�Æ�]�v�U�����&�d�U�� �����Œ�o�]���Œ���(�Œ���P�]�o�Ç�•�]�v�•�� ���v���� �u�}���]�o�]�Ì���š�]�}�v���‰�Œ�}�š���]�v�•�� �~���(�u���� ���v���� ���(�u���•�� �]�v��

�š�Z�����(�o���v�l�]�v�P���Œ���P�]�}�v�•���€�ð�ð�•�X���d�Z���•�������v�š���Œ�}�š�}�Æ�]�P���v�]�����•�š�Œ���]�v�•���~���d���&�•�������v�������µ�•���������µ�š�����]�v�(�����š�]�}�v�•�����v����

���Z�Œ�}�v�]���� �]�v�š���•�š�]�v���o�� ���]�•�����•���•�� �]�v�� �š�Z���]�Œ�� �Z�}�•�š�� �€�ð�ð�•�X�� �d�Z���Œ���(�}�Œ���U�� ���� �•���š�� �}�(�� �î�ô ���X �(�Œ���P�]�o�]�•���P���v�}�u���•��

�~�í�ñ �E�W���&�U�� �í�ï ���W���&�•�� �Á���•�� �•���o�����š������ �š�}�� �š���•�š�� �Á�Z���š�Z���Œ�� �Á�]�š�Z�]�v�r�•�‰�����]���•�� ���}���}�v�� �µ�•���P���� ���]���•���•�� ���Œ����

�}���•���Œ�À�����o���� ���v���� �Á�Z���š�Z���Œ�� �š�Z���Ç�� ���Œ���� ���}�Œ�Œ���o���š������ �š�}�� �‰���š�Z�}�P���v�]���]�š�Ç�� �š�Z�Œ�}�µ�P�Z�� �•�Z�}�Œ�š������ �‰�Œ�����]���š������

�u�]�v�]�u�µ�u���P���v���Œ���š�]�}�v���š�]�u���•�U���Œ�����µ���������v�µ�u�����Œ�•���}�(���š�Z�E���•�����v�����š�Z�����‰�Œ���•���v�������}�(���À�]�Œ�µ�o���v�������(�����š�}�Œ�•��

�•�µ�P�P���•�š�]�v�P���P�Œ�}�Á�š�Z�������À���v�š���P���•�X�� 

�ï�X�í�X�í�����X���(�Œ���P�]�o�]�•�W���^���‹�µ���v�������•�]�u�]�o���Œ�]�š�Ç 

�d�}�������š���Œ�u�]�v���� �v�µ���o���}�š�]���������v�������u�]�v�}�������]�����•���‹�µ���v�������•�]�u�]�o���Œ�]�š�]���•���}�v���š�Z�����o���À���o���}�(���u�µ�o�š�]�‰�o�����P���v����

�•���š�•�U�����E�/�����v���������/���À���o�µ���•���Á���Œ�������}�u�‰�µ�š�����������Œ�}�•�•���š�Z�������K�'�ì�ì�í�î���u���Œ�l���Œ���P���v���U���í�ì �D�'�•�U���ð�ì �D�'�•��

���v�������o�o���‰�Œ�}�š���]�v�r���}���]�v�P���P���v���•���~�d�����o�����í�•�X���d�Z�����ð�ì���D�'�•���P���v���•���Z���À�����‰�Œ���À�]�}�µ�•�o�Ç���������v���‰�Œ�}�À���v���š�}��������

�•�µ�]�š�����o�����(�}�Œ���������µ�Œ���š�����•�‰�����]���•�������o�]�v�����š�]�}�v���€�ï�î�•�����v�������o�o�}�Á���(�}�Œ���}�v���r�š�}�r�}�v�����P���v�������}�u�‰���Œ�]�•�}�v�•�����Ç��

�Œ�����µ���]�v�P�� �š�Z���� �Œ�]�•�l�� �}�(�� ���o�]�P�v�]�v�P�� �‰���Œ���o�}�P�•�� �]�v�•�š�������� �}�(�� �}�Œ�š�Z�}�o�}�P�•�X�� �&�Œ�}�u�� �š�Z���� �ð�ì�� �D�'�•�U�� �š�Z���� �•�µ���•���š�� �}�(��

�í�ì �D�'�•���Z���•�� �������v�� �•�Z�}�Á�v���š�}�� �‰���Œ�(�}�Œ�u�� �����•�š�� �(�}�Œ�� �u���š���P���v�}�u�]���� �•�‰�����]���•�� �‰�Œ�}�(�]�o�]�v�P�� �Á�]�š�Z�� ���� �u�����v��

���u���]�P�µ�}�µ�•�� ���o�]�P�v�u���v�š�� �Œ���š���� �}�(�� �ï�X�ñ�9�� ���v���� ���� �u�����v�� �&���Z�� �Œ���š�����}�(�� �í�X�ð�î�9���€�ï�î�•�X�� �d�Z���� �P���v�}�u���•�� �Á���Œ����

�(�}�µ�v�����š�}���À���Œ�Ç���]�v���•���‹�µ���v�������•�]�u�]�o���Œ�]�š�Ç�������Œ�}�•�•���š�Z�������]�(�(���Œ���v�š���P���v�����•���š�•�X���&�}�Œ�����o�o�����}�u�‰���Œ�]�•�}�v�•�������Œ�}�•�•��

���� �•���š�� �}�(�� �D�'�•�U�� �š�Z���� �P���v�}�u���•�� �Á���Œ���� �����š���Œ�u�]�v������ �š�}�� �Z���À���� ���� �o���Œ�P���Œ�� ���]�(�(���Œ���v�������]�v�� �v�µ���o���}�š�]������

�•���‹�µ���v�����•�� �š�Z���v�� ���Æ�‰�����š������ �•�}�o���o�Ç�� ���Ç�� �š�Z���� �}���•���Œ�À������ ���]�(�(���Œ���v������ �]�v�����u�]�v�}�� �����]���•�X�� �d�Z���•���� �Œ���•�µ�o�š�•��

�Á�}�µ�o���� �•�µ�P�P���•�š���À���Œ�]�����o���� �µ�•���P���� �}�(�� �•�Ç�v�}�v�Ç�u�}�µ�•�� ���}���}�v�•�X�� �����Œ�}�•�•�� ���o�o�� �‰�Œ�}�š���]�v�r���}���]�v�P�� �P���v���•�U�� �š�Z����

�u���Æ�]�u�µ�u�����]�(�(���Œ���v�������]�v�������/���Á���•�������š���Œ�u�]�v�������š�}���������u�}�Œ�����•�]�u�]�o���Œ���š�}���š�Z�����u���Æ�]�u�µ�u�����]�(�(���Œ���v�������]�v��
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Table 1. Maximum observed differences between the B. fragilis genomes in terms of amino acid and nucleotide 
sequences based on four gene sets. AAI: average amino acid identity, ANI: average nucleotide identity, MG: marker 
gene.  
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Figure 6. B. fragilis genome minus mean codon usage patterns across all protein-coding genes. Each row represents 
a genome and each column represents a codon. In the heatmap, each cell shows the frequency of a codon in a genome 
minus the mean frequency of that codon across all genomes. Blue boxes are underrepresented codons and red boxes 
are overrepresented codons. The column at the far left depicts three codon-usage-based clusters Cluster_1, Cluster_2 
and Cluster_3 which were identified through dimension reduction by UMAP and hierarchical density-based clustering 
by HDBSCAN. CUB: codon usage bias. At the far right, genomes found to contain the pathogenicity island BfPAI are 
categorized as enterotoxigenic strains (ETBF). 

Hierarchical clustering based on ANI was performed to establish whether the observed codon 

usage biases can be described by sequence similarity across all protein-coding genes (Figure 

S4). Cluster_1 was found to represent one B. fragilis species while Cluster_2 and Cluster_3 

together were found to represent a second species. The within-species codon usage biases 

between Cluster_2 and Cluster_3 were not observable by hierarchical clustering based on ANI 

(Figure S4) which might suggest a more fine-grained level of genomic variation detectable by 

codon usage rather than by sequence similarity.  

3.1.3 B. fragilis: Pathogenicity hypothesis 

Pathogenicity cannot emerge only from carrying virulence factors but also from growth 

advantages by increased translational efficiency due to reduced numbers of tRNAs or reduced 

genome size [49,50]. Therefore, the minimum generation times were predicted based on the 

strength of codon usage biases in highly expressed genes compared to non-highly expressed 

genes [34] and the tRNA anticodons were counted for each genome (Figure 7). On the other 

hand, the GC content was investigated as a potential driver for codon usage biases.  
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Figure 7. Comparison of the predicted minimum generation times, tRNA anticodon counts and GC content across 
the codon-usage-based clusters of B. fragilis genomes. The features were tested for significant differences with by a 
Wel���Z�[�•���š-test with FDR correction. GC content was the only significantly different feature between any of the clusters, 
namely Cluster_2 and Cluster_3 (FDR-adjusted p-value = 4.79e-05). 

Shorter minimum generation times were predicted for the B. fragilis species described by 

Cluster_2 and Cluster_3. This suggests optimized codon usage in highly expressed genes for 

this B. fragilis species. Additionally, 7 out of 11 genomes in Cluster_3 were found to contain a 

reduced number of tRNA anticodons (Figure 7) and 9 genomes were found to contain the 

pathogenicity island BfPAI (Figure 6, at the far right). BfPAI was found in 3 out of 9 genomes 

in Cluster_2 and 1 out of 9 genomes in Cluster_1 with those genomes containing reduced 

numbers of tRNAs. One exception of a genome with a reduced number of tRNAs without BfPAI 

was observed in Cluster_1. These results suggest a step-wise increase in the potential for 

pathogenicity from Cluster_1 to Cluster_2 to Cluster_3.  

However, the GC content was found to be the only significantly different factor between any 

of the clusters (Figure 7). Cluster_1 and Cluster_3 were found to have a similar GC content 

while it was decreased for Cluster_2 which agrees with the observed codon usage patterns 

across all protein-coding genes displaying many underrepresented GC3 and overrepresented 

AT3 for Cluster_2 (Figure 6). No preferences towards GC3 or AT3 were observed in the codon 

usage patterns across 39 MGs (Figure S4). These results suggest optimized codon usage in 

highly expressed genes for Cluster_2 and Cluster_3 while Cluster_2 seems to contain GC3/AT3-

driven codon usage biases on the level of all protein-coding genes. 
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In order to assess quality differences in the genomes as potential introducers of noise in the 

observed codon usage patterns, the genomes were compared in terms of genome size, 

number of scaffolds and number of protein-coding genes (Figure S5). Furthermore, the 

genomes were compared in terms of source, geographic location and date of isolation (not 

displayed). No significant differences between the clusters in terms of genome quality or 

metadata were identified.  

 

3.2 Application: Alteromonas macleodii 

The bacterial species Alteromonas macleodii is a cultivable and therefore well-studied 

gammaproteobacterium with widespread distributions in temperate or tropical waters [51]. 

It appears to be ubiquitously present and has therefore been identified in many marine 

samples from different locations. Two depth-related A. macleodii ecotypes have previously 

been suggested, namely a �Z�•�µ�Œ�(�������[ and a �Z�������‰�[�� ����otype [52]. Furthermore, A. macleodii is 

known to contain a genome size around 4.5 Mb and to be fast growing in culture with 

generation times around 2.4 h at 25 °C [51]. A species-level cluster containing 121 A. macleodii 

metagenome-assembled genomes (MAGs) from many different sampling stations was 

selected to investigate within-species codon usage biases along environmental gradients such 

as depth, temperature and nutrient concentrations. 

3.2.1 A. macleodii: Sequence similarity  

The relationships between the 121 A. macleodii MAGs were established by sequence similarity 

in terms of ANI and AAI across different gene sets (Table 2). The previously identified species-

level cluster was supported by sequence similarity with a minimum ANI of 94.04% across all 

protein-coding genes prior to quality filtering. To ensure comparability between the 

reassembled genomic sequences, several combined quality filters were applied such as > 70% 

completeness and < 5% contamination (see Methods 2.5.2) to determine a set of 63 high-

quality MAGs. The sequence similarity across all protein-coding genes was thereby increased 

to 97.36% ANI and 98.27% AAI.   
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Table 2. Maximum observed differences between the A. macleodii MAGs in terms of amino acid and nucleotide 
sequences based on two gene sets. The numbers depict the biggest differences within 44 high-quality MAGs with a 
shared set of 12 MGs and within 63 high-quality MAGs for all protein-coding sequences respectively. The numbers in 
brackets depict the maximum AAI and ANI difference in all MAGs prior to quality filtering. AAI: average amino acid 
identity, ANI: average nucleotide identity, MG: marker gene. 
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3.2.2 A. macleodii: Codon usage biases 

The codon usage patterns were determined in a subset of MGs as the one-to-one comparison 

is only given for a fixed set of orthologous genes. To take the trade-off between the number 

of MAGs and the numbers of shared MGs into account, potential subsets of MAGs with a 

shared set of MGs were predicted (Figure S2). The codon usage patterns across 12, 15, 24 and 

33 MGs were compared and found to be very similar (not displayed). Based on this 

observation, 44 MAGs (including one reference genome denoted as REFG) with a shared 

subset of 12 MGs (Table S1) were selected to investigate codon usage biases.  

First, the codon frequencies were computed across the 12 MGs for each MAG and the genome 

minus mean codon frequencies were determined (Figure 8). Two within-species clusters with 

distinct codon usage patterns across the 12 MGs were identified through dimension reduction 

and subsequent hierarchical density-based clustering (Figure 8, at the far left: blue, orange). 

The clusters were validated by a Silhouette coefficient of 0.96 on the dimension-reduced 

codon frequency data (Silhouette coefficient = 0.81 on the raw codon frequency data). 

Furthermore, a permANOVA was conducted on the codon-usage-based distances which 

showed significant differences between the clusters with a very high amount of explained 

variance (F = 238, p-value = 0.001, R2 = 0.91). The clusters showed no significant 

heterogeneity in dispersion according to betadisper (F = 2.41, p-value = 0.13). In order to 

determine which codons hypothetically are stronger drivers of the codon-usage-based 

���]�•�š���v�����•�� �����š�Á�����v�� �š�Z���� �D���'�•�U�� ���µ�v�v�[�•�� �š���•�š�•�� �Á�]�š�Z�� �&���Z�� ���}�Œ�Œ�����š�]�}�v�� �(�}�Œ�� �u�µ�o�š�]�‰�o���� �š���•�š�]�v�P�� �Á���Œ����

performed for each codon. This led to the identification of 55 out of the 64 codons with 

significant differences between the clusters (not displayed). The strongest codon usage biases 

were observed for the amino acids alanine, glutamic acid and lysine which suggests codon 

usage biases through alternative usage of non-synonymous codons. The same analyses were  
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Figure 8. Genome minus mean codon usage patterns across 12 MGs for 44 high-quality A. macleodii MAGs. Each row 
represents a genome and each column represents a codon. In the heatmap, each cell shows the frequency of a codon 
in a genome minus the mean frequency of that codon across all genomes. Blue boxes are underrepresented codons 
and red boxes are overrepresented codons. The column at the far left depicts two codon-usage-based clusters 
Cluster_1 and Cluster_2 which were identified through dimension reduction by UMAP and hierarchical density-based 
clustering by HDBSCAN. CUB: codon usage bias. At the far right, the station names are depicted instead of the names 
of the MAGs to give an overview of the sampling locations. BGEO: Biogeotraces excursion, MALA: Malaspina excursion, 
TARA: Tara Oceans excursion, REFG: reference genome.   

performed for the 63 high-quality MAGs on the level of all protein-coding sequences which 

revealed two clusters with some agreements as well as discrepancies for the two gene sets 

(Figure S6). This might suggest different codon usage biases to be present in highly expressed 

genes compared to all protein-coding genes. Hierarchical clustering was performed to test 

whether the observed codon usage biases can be described by sequence similarity based on 

ANI (Figure S7). The codon-usage-based clusters were not captured by hierarchical clustering 

based on ANI which suggests that the observed codon usage biases cannot be discovered by 

sequence similarity. 

3.2.3 A. macleodii: Nutrient limitation hypothesis 

Nutrient limitation could lead to selective pressure towards codons with low nutrient costs 

which was previously hypothesized for nitrogen [27]. First, the geographic locations of 

sampling (Figure 9A) were compared to general areas of nutrient limitation such as the five 

identified large oceanic gyres and upwelling systems (Figure 3). Cluster_1 was potentially 
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Figure 9. Metagenome sources of the MAGs and predicted minimum generation times for nutrient limitation 
hypothesis testing. A: Global map displaying the sampling locations of the 44 high-quality A. macleodii MAGs [15]. 
Vertically aligned points depict MAGs reconstructed from the same station, but not necessarily at the same depth. The 
different depths of sampling are not represented in the map but should be kept in mind. B: Predicted minimum 
generation times based on codon usage bias intensity in highly expressed genes compared to non-highly expressed 
genes by Growthpred [34]. The clusters represent two within-species populations suggested by codon usage patterns.  

represented more in coastal and upwelling areas but not exclusively. The minimum generation 

times were predicted for both clusters based on codon usage bias intensity in highly expressed 

genes compared to non-highly expressed genes and no significant difference was detected 

(Figure 9B). 

To further investigate potential links to nutrient limitation, the metadata of the samples was 

tested for significant differences between the clus�š���Œ�•�����Ç���t���o���Z�[�•���š-tests for environmental 

factors such as depth, temperature, NO3
-, NO2

-, NH4
+ and Fe (Figure 10, Figure S8). No 

significant differences between the clusters were found. The MAGs in Cluster_1 were 

predominantly detected from the surface to around 200 m depth and therefore at 

temperatures around 18 �t 28 °C.  The MAGs in Cluster_2 were primarily detected at 4000 m 

depth but also from the surface to 1000 m depth and therefore in a broad temperature range 

from 0 �t 30 °C. However, no clear separation between the clusters in terms of depth or 

temperature was obtained. Other metadata and the quality of the MAGs were compared and 

significant differences in GC content, genome size, number of scaffolds and coding density 

were found (Figure 10). The significant difference in GC content was observable in the codon 

usage patterns across all protein-coding genes (Figure S6) but not across the 12 MGs 

(Figure 9). These results suggest codon usage biases driven by similar amino acids in highly 

expressed genes and GC3/AT3-driven codon usage biases across all protein-coding genes.  



18 
 

Figure 10. Comparison of depth, temperature, GC content, genome size, number of scaffolds and coding density 
across the codon-usage-based clusters of A. macleodii MAGs. The features were tested for significant differences by 
a �t���o���Z�[�•���š-test with FDR correction. GC content, genome size, number of scaffolds and coding density were found to 
be significantly different features between the clusters (*** = FDR-adjusted p-value < 0.001). 

3.2.4 A. macleodii: Sideophores for iron acquisition 

The presence or absence of biosynthetic clusters can further reveal nutrient limitation regions 

by accumulated nutrient assimilation genes in the genomic sequences [26]. Among the 44 

genomes, six genomes were found to contain siderophores functioning in iron assimilation 

potentially leading to growth advantages in Fe-limited areas. Five of them were present in 

Cluster_2 while the other one was present in the reference genome. The siderophores were 

found in MAGs originating from stations MALA_7, MALA_26 and MALA_50 at around 4000 m 

depth and from TARA_109 and TARA_125 at 30 m and 5 m depth respectively (Figure 9). 

 

3.3 Application: Uncultivated species-level cluster of the phylum Chloroflexi 

and the class Dehalococcoidia 

The second species-level cluster was selected based on the prevalence of the 54 MAGs across 

different ocean provinces and the smaller reconstructed genome size around 1.25 Mb to 

increase the chance of higher selection pressures. Furthermore, some of the MAGs displayed 

high differential coverage indices (DCI) around 90 suggesting presence of the MAGs in many 

samples. The cluster represents an uncultivated species of the phylum Chloroflexi and the class 

Dehalococcoidia which was hypothesized to form within-species population structures based 

on dimension reduction and clustering on whole genome ANI [12].  
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3.3.1 Uncultivated species-level cluster: Sequence similarity  

The relationships between the 54 MAGs were established based on sequence similarity in 

terms of ANI and AAI on different gene set levels (Table 3). The previously identified species-

level cluster was supported by high sequence similarity with a minimum ANI of 96.67 % across 

all protein-coding genes prior to quality filtering (Table 3). To ensure sufficient quality and 

comparability between the reassembled genomic sequences, several combined quality filters 

were applied such as > 70% completeness and > 5% contamination (see Methods 2.5.3) to 

determine a set of 39 high-quality MAGs. The sequence similarity was thereby increased to 

96.67% ANI and 97.3% AAI across all protein-coding genes.  

Table 3. Maximum observed differences between the uncultured species-level cluster MAGs of the phylum 
Chloroflexi and the class Dehalococcoidia in terms of amino acid and nucleotide sequences based on two gene sets. 
The numbers depict the biggest differences within 33 high-quality MAGs with a shared set of 18 MGs and within 39 
high-quality MAGs across all protein-coding sequences respectively. The numbers in brackets depict the maximum AAI 
and ANI difference in all 54 MAGs prior to quality filtering. AAI: average amino acid identity, ANI: average nucleotide 
identity, MG: marker gene. 

 

�'���v�����•���š �D���Æ�X�������/�����]�(�(���Œ���v�������€�9�• �D���Æ�X�����E�/�����]�(�(���Œ���v�������€�9�• 

�•�µ���•���š���}�(���í�ô���D�'�• �í�X�ì�õ�� �î�X�ñ�î�� 

�‰�Œ�}�š���]�v�r���}���]�v�P���•���‹�µ���v�����• �î�X�ó���~�î�X�õ�î�• �ï�X�ï�ï���~�ï�X�ñ�í�• 

 

3.3.2 Uncultivated species-level cluster: Codon usage biases  

Potential subsets of MAGs with a shared set of MGs were predicted (Figure S2) which led to 

the selection of a set of 33 MAGs containing 18 MGs (Table S1) to investigate codon usage 

biases. First, the codon frequencies were computed across the 18 MGs for each MAG and the 

genome minus mean codon frequencies were determined (Figure 11). Four within-species 

clusters with distinct codon usage patterns across the 18 MGs were identified through 

dimension reduction and subsequent hierarchical density-based clustering (Figure 11, at the 

far left: blue, orange, green, red). The clusters were validated by a Silhouette coefficient of 

0.96 on the dimension-reduced codon frequency data (Silhouette coefficient = 0.48 on the 

raw codon frequency data). In order to identify codons which are hypothetically stronger  
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Figure 11. Genome minus mean codon usage patterns across 18 MGs for 33 high-quality MAGs of an uncultivated 
species-cluster of the phylum Chloroflexi and class Dehalococcoidia. Each row represents a MAG and each column 
represents a codon. In the heatmap, each cell shows the frequency of a codon in a genome minus the mean frequency 
of that codon across all genomes. Blue boxes are underrepresented codons and red boxes are overrepresented 
codons. The column at the far left depicts the four codon-usage-based clusters Cluster_1, Cluster_2, Cluster_3 and 
Cluster_4 which were identified through dimension reduction by UMAP and hierarchical density-based clustering by 
HDBSCAN. CUB: codon usage bias. At the far right, the station names are depicted instead of the names of the MAGs 
to give an overview of the sampling locations. BGEO: Biogeotraces excursion, TARA: Tara Oceans excursion.   

drivers of the codon-usage-based differences between the MAGs, a permANOVA and a Kruskal 

Wallis test between the clusters with FDR correction for multiple testing were performed. The 

permANOVA showed significant differences between the clusters with a high amount of 

explained variance (F = 15, p-value = 0.001, R = 0.73). The clusters showed significant 

heterogeneity in dispersion according to betadisper (F = 9.21, p-value = 0.001) which means 

that one of the assumptions for a permANOVA was not met. However, this does not 

necessarily reduce the power of the permANOVA as the sample sizes per cluster were 

equalized (see Methods 2.3). 51 codons with significant differences between any of the 

clusters were identified by a Kruskal-Wallis test (not displayed). Strong codon usage biases 

were observed for codons encoding for glycine, alanine, isoleucine, proline, glutamic acid and 

threonine. The stop codons and the codons encoding for phenylalanine, tryptophan, 

glutamine, arginine and cysteine showed weak codon usage biases. No GC3/AT3-driven codon 

usage biases were observable in the codon usage patterns across the 18 MGs or across all 

protein-coding genes (Figure S9). Hierarchical clustering was performed to test whether the 
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observed codon usage biases can be described by sequence similarity (Figure 12). Cluster_1 

and Cluster_3 were detectable by hierarchical clustering based on ANI, whereas Cluster_2 and 

Cluster_4 would not have been identified by sequence similarity.  

 

Figure 12. Hierarchical clustering between the uncultivated species-level cluster MAGs of the phylum Chloroflexi and 
the class Dehalococcoidia based on ANI across all protein-coding genes. The clustering was performed with Euclidean 
distance metric and clustering method �Zcomplete�[. The colors represent the clusters by codon-usage-based distances 
between the genomes. 

3.3.2 Uncultivated species-level cluster: Nutrient limitation hypothesis  

In order to test whether the distinct codon usage patterns mainly clustered by geographic 

location, the sampling origins of the MAGs were investigated (Figure 13A). The MAGs from 

Cluster_1 and Cluster_3 were shown to originate from the South Pacific Ocean from island 

areas and open ocean areas respectively. Interestingly, Cluster_1 and Cluster_3 were found 

to contain opposing codon usage patterns and big differences in ANI despite their close 

origins. Cluster_2 and Cluster_4 were found to contain MAGs originating from diverse 

geographic locations such as the Red Sea, the North and South Indian Ocean, the North 

Atlantic and the Gulf of Mexico. This suggests that geographic location is not the main 

determinant for the observed codon usage biases.  

The minimum generation times were predicted for the four clusters based on codon usage 

bias intensity in highly expressed genes compared to non-highly expressed genes (Figure 13B). 

Cluster_4 was found to have the shortest predicted minimum generation time suggesting the 

most optimized codon usage in highly expressed genes. Cluster_2 was found to have the 

longest predicted minimum generation time suggesting the least optimization for growth.  
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Figure 13. Metagenome sources of the MAGs and predicted minimum generation times for nutrient limitation 
hypothesis testing. A: Global map displaying the sampling locations of the 33 high-quality MAGs of the uncultivated 
species-level cluster of the phylum Chloroflexi and the class Dehalococcoidia [15]. Vertically aligned points depict MAGs 
reconstructed from the same station, but not necessarily at the same depth. The different depths of sampling are not 
represented in the map but should be kept in mind. B: Predicted minimum generation times based on codon usage 
bias intensity in highly expressed genes compared to non-highly expressed genes by Growthpred [34]. The clusters 
represent four within-species populations suggested by codon usage patterns. 

 

Furthermore, the concentrations of multiple environmental factors such as depth, 

temperature, NO3
-, NO2

-, NH4
+ and Fe were compared between the clusters by We�o���Z�[�•���š-tests 

with FDR correction to investigate potential links to the detected codon usage biases 

(Figure 14).   

Figure 14. Comparison of depth, temperature, NO3
-, NO2

-, NH4
+ and Fe concentrations across the codon-usage-based 

clusters of uncultivated species-level cluster MAGs of the phylum Chloroflexi and the class Dehalococcoidia. The 
features were tested for significant differences by �t���o���Z�[�•�� �š-tests for each pairwise cluster comparison with FDR 
correction for multiple testing. Temperature, NO3

-, NO2
-, NH4

+ and Fe were found to be significantly different between 
at least two of the clusters (*** = p.adj < 0.001, ** = p.adj < 0.01). 
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Temperature was found to be significantly lower for Cluster_4 (mean at 22 °C) than for 

Cluster_1 and Cluster_2 (mean at 26.5 °C). Furthermore, nitrate was detected to be 

significantly higher in concentration for Cluster_1 (approx. 6 �…M) than for Cluster_2 and 

Cluster_4 (close to 0 �…�D�•. Nitrite was found to be significantly higher for Cluster_1 (0.055 �…M) 

than for Cluster_2 (close to 0 �…�D). Ammonium was detected to be significantly higher for 

Cluster_1 (0.025 �…�D�• than for Cluster_4 (0.01 �…�D�•. Lastly, iron was found to be significantly 

different between almost all cluster comparisons with values from 0 nM to 1.4 nM. 

The clusters were shown to have similar GC contents (Figure S10) which agrees with the 

observed codon usage patterns on the levels of the 18 MGs and all protein-coding genes. 

Furthermore, the genomes were compared in terms of genome size, number of scaffolds and 

coding density and no significant differences were observed which suggests similar MAG 

quality (Figure S10).  
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4. Discussion  

The aim of this study was to investigate codon usage biases in microbial populations and to 

identify environmental factors driving these biases. A computational pipeline was developed 

to compute codon frequencies in variable gene sets of metagenome-assembled genomes. 

Multiple third-party software were implemented to investigate sequence similarity, genome 

optimization for growth and nutrient conditions.  

4.1 Test case: B. fragilis 

The pipeline was developed in a test case of B. fragilis genomes to investigate links between 

codon usage biases, reduced numbers of tRNAs, increased growth potential and 

pathogenicity. Three clusters of distinct codon usage patterns were identified across all 

protein-coding genes representing two B. fragilis species with 88.6% ANI. Two of the three 

clusters identified as one B. fragilis species were found to have very similar codon usage 

patterns on the level of 10 and 40 single-copy phylogenetic marker genes. Furthermore, one 

of those two clusters was found to have a decreased GC content across all protein-coding 

genes. This would suggest species-specific codon usage biases on the level of highly expressed 

genes and within-species GC3/AT3-driven codon usage biases on the level of all protein-coding 

genes. Thus, this exemplifies the importance of the comparison of codon usage biases across 

different gene sets to distinguish between selective forces acting on highly expressed genes 

and on the whole genome level.  

The two clusters representing one B. fragilis species were predicted to have shorter minimum 

generation times than the third cluster suggesting this species to contain stronger codon 

usage optimization in highly expressed genes. Additionally, one of the two clusters was found 

to contain reduced numbers of tRNAs and the pathogenicity island BfPAI in most genomes. 

These results suggest a step-wise increase in pathogenicity from the singular species cluster 

to the first within-species cluster through optimized codon usage and finally to the second 

within-species cluster through optimized codon usage, reduced numbers of tRNAs and 

acquisition of BfPAI. This strongly supports the hypothesis that optimized codon usage 

combined with reduced numbers of tRNAs represent growth advantages potentially leading 

to pathogenicity. Previous claims suggesting translational efficiency by reduced tRNA copy 

numbers to be a main factor influencing codon usage biases would support these findings [49]. 
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Other studies suggested that codon usage biases determine gene expression levels through 

their effects on transcription since codon optimization was found to correlate with both 

protein and mRNA levels [53]. This would state an alternative mechanism driving codon usage 

biases. Furthermore, they stated that GC content was not correlated with mRNA levels arguing 

against GC-driven codon usage biases across all protein-coding genes [53].  

The pipeline was applied to two species-level clusters of ocean MAGs to investigate 

hypothesized nutrient limitations driving codon optimization. Codon usage biases are 

suggested to be strongest in highly expressed genes leading to the largest growth advantage 

by reduced nutrient costs at the mRNA or protein level [27]. 

4.2 Application: Alteromonas macleodii 

The codon usage patterns were determined in 44 high-quality MAGs of the species 

A. macleodii across a subset of 12 shared single-copy phylogenetic marker genes (MGs). Two 

clusters with distinct codon usage patterns were identified across those 12 MGs. No links 

between the clusters and geographic locations were found which suggests other 

environmental factors to be potential drivers of the observed codon usage biases. The MAGs 

from one cluster were found to originate primarily from metagenome samples of surface and 

epipelagic waters while the MAGs from the other cluster were reconstructed from 

metagenomes across a very broad range of depths from the surface down to 4000 m. This 

partially agrees with previous claims identifying ���� �Z�•�µ�Œ�(��ce�[�� ���v���� ���� �Z�������‰�[ ecotype of 

A. macleodii [51,52] although the results might suggest a �u�}�Œ���� �P���v���Œ���o�]�•�š�� �Z�������‰�[��ecotype 

growing at any given depth and temperature with a tendency towards more depth or lower 

temperature.  

No significant differences in the measured nutrient concentrations were identified and the 

sampling locations did not show any links to nutrient limitation areas. This would contradict 

the initial hypothesis of nutrient-driven codon usage biases and rather suggest depth-/ or 

temperature-related codon usage biases. However, the results for the nutrient concentrations 

might not be representative since Malaspina samples with missing nutrient concentration 

data represented a substantial fraction of the MAGs in Cluster_2. Malaspina samples originate 

from the deep sea and nutrient concentrations are generally expected to be much higher 

below the euphotic zone [20]. 
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A recent study suggested a genomic transition zone below the euphotic zone linked to larger 

genome size, higher genomic GC content and proteins with higher nitrogen but lower carbon 

content in bacterial and archaeal genomes [28]. These claims would support the increased 

genomic GC content but would contradict the decreased genome size observed for the MAGs 

in Cluster_2. However, this discrepancy could be explained by overall lower quality of the 

MAGs in Cluster_2 as the number of scaffolds were significantly higher and the coding density 

was significantly lower. The different MAG quality could stem from increased difficulties linked 

to sampling at higher depths. The observed codon usage patterns across the 12 MGs revealed 

strong biases for certain amino acids such as alanine, glutamic acid and lysine which suggests 

alternative usage of non-synonymous codons. Glutamic acid was found to be 

underrepresented while aspartic acid was overrepresented in Cluster_2 which might support 

the claims of amino acid side chains with low carbon content below the euphotic zone. On the 

other hand, the strong underrepresentation of all codons encoding for alanine would 

potentially contradict this hypothesis except for the conversion to codons encoding for 

glycine. More detailed analyses would be needed to investigate the occurrence of presumably 

conservative substitutions between structurally similar amino acids based on the observed 

codon usage patterns as a follow up on these observations.   

 

4.3 Application: Uncultivated species-level cluster of the phylum Chloroflexi 

and the class Dehalococcoidia 

The codon usage patterns were determined in 33 high-quality MAGs of an uncultivated 

species-level cluster of the phylum Chloroflexi and the class Dehalococcoidia across a subset 

of 18 shared single-copy phylogenetic marker genes (MGs). Four clusters with distinct codon 

usage patterns were identified across those 18 MGs. The clusters were partially but not 

entirely represented by geographic location suggesting other environmental factors to be 

potential drivers of the observed codon usage biases. Significant differences between at least 

two of the codon-usage-based clusters were found for temperature, nitrate, nitrite, 

ammonium and iron concentrations.  

Cluster_1 and Cluster_3 were detected in the South Pacific Ocean (Figure 13). Based on the 

measured nutrient concentrations (Figure 14), Cluster_1 is suggested to be affected by Fe-
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limitation. This agrees with previously identified nutrient limitation areas (Figure 3) [16]. 

Cluster_3 was detected in areas of Fe-limitation and N-limitation (Figure 3) [16] and could be 

affected by either Fe-limitation, Fe-N co-limitation or N-limitation based on the measured 

nutrient concentrations. Cluster_4 was predicted to contain the most codon optimization for 

growth while being detected in areas of high primary productivity. Based on the measured 

nutrient concentrations, limitation by nitrate could be hypothesized but other nitrogen forms 

were present at higher concentrations. On the other hand, Fe-limitation would potentially be 

more probable based on the previously identified nutrient limitation areas (Figure 3) [16]. This 

might suggest overall high nutrient availability and dominance of selective pressures for fast 

growth due to competition for ecological niche space within the microbial community. This 

could be explained by codon optimization towards transcriptional or translational efficiency 

and faster growth rates [34,49,53] rather than towards minimizing nutrient content which 

would contradict our initial hypothesis. Cluster_2 was found to have the least predicted codon 

optimization for growth while being detected in areas of high interannual variation in nutrient 

limitation and primary productivity [54-58]. Recent studies have suggested primary N-

limitation with seasonal N-P co-limitation in the Gulf of Mexico due to changes in riverine 

nutrient inputs [54,55]. Furthermore, the Red Sea, the Arabian Sea and the Mozambique 

Channel are affected by seasonal fluctuations in nutrient availabilities due to the Southwest 

and Northeast Monsoon and mesoscale activities [56,57,58] which could explain less genome 

optimization and more �Zgeneralist�[ ecotypes due to frequently changing conditions.  

Based on the codon usage patterns (Figure 11) and our initial hypothesis, codons with low 

nitrogen costs on the level of mRNA or proteins should be overrepresented in Cluster_3 or 

Cluster_4 and underrepresented in Cluster_1. No codon usage biases towards codons with 

low nitrogen content were detected on the level of mRNA for Cluster_3 or Cluster_4 

(Figure 11, Figure S11). No GC3/AT3-driven codon usage biases were observed and no 

overrepresentation of certain amino acids over others were detected for any cluster. Further 

analyses would however be needed to untangle synonymous and non-synonymous codon 

exchanges and to potentially unveil the mechanisms responsible for the observed codon usage 

patterns. The measured temperatures for Cluster_3 and Cluster_4 were lower than for 

Cluster_1 and Cluster_2 which might suggest links between temperature and codon usage 

biases although the separation into four distinct clusters would thereby not be explained. To 
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conclude, these results suggest within-species codon usage biases presumably caused by 

variable selective mechanisms in the complex context of their biogeochemical environment. 

 

4.4 Limitations of the study 

First, this study was limited by the number of MAGs and by further reduction of the sample 

sizes due to quality filtering. Secondly, the information about nutrient concentrations and 

nutrient limitation areas was mainly restricted to N, Fe, and P and not available for some 

samples such as Malaspina. Furthermore, the study was limited by the trade-off between the 

set of MAGs and the subset of shared MGs. For both species-level clusters, the subsets did not 

only consist of ribosomal protein genes and therefore might not fully represent highly 

expressed genes. Reducing the subsets further by elimination of non-ribosomal protein genes 

would potentially lead to an insufficient number of MGs to detect any codon usage biases or 

could increase the observed codon usage biases. Also, the MGs might not be highly expressed 

in the organisms in their natural habitats. This assumption could be tested by investigating 

metatranscriptomic data to identify a set of in situ highly expressed genes. Additionally, the 

codon usage patterns presumably represent a mixture of synonymous and non-synonymous 

codon exchanges which could be investigated by determining dN/dS ratios. The interpretation 

of the codon usage patterns across all protein-coding genes was limited due to uncertainties 

whether they might stem from different gene contents in accessory genomes. These 

uncertainties could be addressed by determining the codon usage patterns across the core 

genomes instead of across all-protein coding genes. Finally, experimental validations should 

be considered to support these findings. These could include experimental evolution studies 

for cultivable microbes with controlled manipulation of temperature or nutrient conditions. 

Furthermore, co-culturing and metabolomics studies might reveal important metabolic 

exchanges between interacting members in a simplified community model. Functional studies 

of the genomic content including uncultivable microbes could be used to identify key features 

in their metabolic strategies and to discover nutrient limitation areas by accumulations of 

nutrient assimilation genes.  
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4.5 Concluding remarks 
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Table S1. 40 single-copy phylogenetic marker genes with function and selected subsets of MGs for the A. macleodii 
species-level cluster (12 MGs subset) and the uncultivated species level cluster of the phylum Chloroflexi and the 
class Dehalococcoidia (18 MGs subset). 

10 MGs Function 12 MGs subset 18 MGs subset 
COG0012 Predicted GTPase, probable translation factor X  

COG0016 Phenylalanyl-tRNA synthetase alpha subunit  X 

COG0018 Arginyl-tRNA synthetase   

COG0172 Seryl-tRNA synthetase   

COG0215 Cysteinyl-tRNA synthetase  X 

COG0495 Leucyl-tRNA synthetase X  

COG0525 Valyl-tRNA synthetase   

COG0533 Metal-dependent proteases with possible 
chaperone activity 

  

COG0541 Signal recognition particle GTPase   

COG0552 Signal recognition particle GTPase X  

30 MGs 
COG0048 Ribosomal protein S12   

COG0049 Ribosomal protein S7   

COG0052 Ribosomal protein S2 X  

COG0080 Ribosomal protein L11   

COG0081 Ribosomal protein L1   

COG0085 DNA-directed polymerase, beta subunit/140 kD   

COG0087 Ribosomal protein L3 X X 

COG0088 Ribosomal protein L4 X  

COG0090 Ribosomal protein L2 X X 

COG0091 Ribosomal protein L22 X X 

COG0092 Ribosomal protein S3  X 

COG0093 Ribosomal protein L14   

COG0094 Ribosomal protein L5   

COG0096 Ribosomal protein S8  X 

COG0097 Ribosomal protein L6P/L9E  X 

COG0098 Ribosomal protein S5   

COG0099 Ribosomal protein S13  X 

COG0100 Ribosomal protein S11  X 

COG0102 Ribosomal protein L13  X 

COG0103 Ribosomal protein S9  X 

COG0124 Histidyl-tRNA synthetase X  

COG0184 Ribosomal protein S15P/S13E   

COG0185 Ribosomal protein S19 X X 

COG0186 Ribosomal protein S17 X  

COG0197 Ribosomal protein L16/L10E X X 

COG0200 Ribosomal protein L15  X 

COG0201 Preprotein translocase subunit SecY   

COG0202 DNA-directed RNA polymerase, alpha subunit, 
40 kD 

 X 

COG0256 Ribosomal protein L18  X 

COG0522 Ribosomal protein S4 and related proteins  X 
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Figure S1. Robustness test of the subsets of MGs towards the removal of any MG in any of the A. macleodii MAGs. 
For each codon, the genome minus mean frequency across all possible MGs subsets of a size k (here: k = 39) was 
subtracted from the genome minus mean frequency for all 40 MGs. The computations were iterated for k = 39, 38, 37 
and 2 and were found to accumulate in more variation the more MGs were missing.  

           

Figure S2. Predicted possible subsets of MAGs with shared sets of MGs for A. macleodii (left) and the uncultivated 
species-level cluster of the phylum Chloroflexi and the class Dehalococcoidia (right). Each dot represents a potential 
subset of MAGs with a shared set of MGs. The numbers depicted next to the points are the maximum percentage of 
MAGs for which each MG can be missing to be added to the subset of MGs. The x-axis describes the number of MGs 
and the y-axis describes the number of MAGs for each possible subset. 

 
Figure S3. B. fragilis genome minus mean codon usage patterns across 39 MGs. Each row represents a genome and 
each column represents a codon. In the heatmap, each cell shows the frequency of a codon in a genome minus the 
mean frequency of that codon across all genomes. Blue boxes are underrepresented codons and red boxes are 
overrepresented codons. The column at the far left depicts the two codon-usage-based clusters Cluster_1 and 
Cluster_2 which were identified through dimension reduction by UMAP and hierarchical density-based clustering by 
HDBSCAN. CUB: codon usage bias. At the far right, genomes found to contain the pathogenicity island BfPAI are 
categorized as enterotoxigenic strains (ETBF). 
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Figure S4. Hierarchical clustering based on ANI between the B. fragilis genomes across all protein-coding genes. The 
clustering was performed with Euclidean distance metric and clustering method �Zcomplete�[. The colors represent the 
clusters by codon-usage-based distances between the genomes. 

 
Figure S5. Comparison of the genome size, number of scaffolds and number of protein-coding genes across the 
codon-usage-based clusters of B. fragilis. The features were tested for significant differences by �����t���o���Z�[�•���š-test with 
FDR correction and no significant differences were observed (FDR-adjusted p-value < 0.05).  

 
Figure S6. Genome minus mean codon usage patterns across all protein-coding genes for 63 high-quality A. macleodii 
MAGs. Each row represents a genome and each column represents a codon. In the heatmap, each cell shows the 
frequency of a codon in a genome minus the mean frequency of that codon across all genomes. Blue boxes are 
underrepresented codons and red boxes are overrepresented codons. The column at the far left depicts the two 
codon-usage-based clusters Cluster_1 and Cluster_2 which were identified through dimension reduction by UMAP and 
hierarchical density-based clustering by HDBSCAN. CUB: codon usage bias. At the far right, the station names are 
depicted instead of the names of the MAGs to give an overview of the sampling locations. BGEO: Biogeotraces 
excursion, MALA: Malaspina excursion, TARA: Tara Oceans excursion, REFG: reference genome.   
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Figure S7. Hierarchical clustering of the 44 high-quality MAGs with a shared set of 12 MGs based on ANI across all 
protein-coding genes. The clustering was performed with Euclidean distance metric and the linkage method 
�Zcomplete�[. The colors represent the clusters by codon-usage-based distances between the genomes. 

 
Figure S8. Comparison of NO3

-, NO2
-, NH4

+ and Fe concentrations across the codon-usage-based clusters of 
A. macleodii MAGs. The features were tested for significant differences by �����t���o���Z�[�•���š-test with FDR correction and 
no significant differences were observed (FDR-adjusted p-value < 0.05). 

 

Figure S9. Genome minus mean codon usage patterns across all protein-coding genes for 39 high-quality MAGs of 
the uncultivated species-level cluster of the phylum Chloroflexi and class Dehalococcoidia. Each row represents a 
genome and each column represents a codon. In the heatmap, each cell shows the frequency of a codon in a genome 
minus the mean frequency of that codon across all genomes. Blue boxes are underrepresented codons and red boxes 
are overrepresented codons. The column at the far left depicts the three codon-usage-based clusters Cluster_1, 
Cluster_2 and Cluster_3 which were identified through dimension reduction by UMAP and hierarchical density-based 
clustering by HDBSCAN. Grey: unassigned, CUB: codon usage bias. At the far right, the station names are depicted 
instead of the names of the MAGs to give an overview of the sampling locations. BGEO: Biogeotraces excursion, TARA: 
Tara Oceans excursion.  
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Figure S10. Comparison of GC content, genome size, number of scaffolds and coding density across the codon-usage-
based clusters of uncultivated species-level cluster MAGs of the phylum Chloroflexi and the class Dehalococcoidia. 
The features were tested for significant differences by �t���o���Z�[�•���š-tests for each pairwise cluster comparison with FDR 
correction for multiple testing. None of the tested features were found to be significantly different between the 
genomes (FDR-adjusted p-value < 0.05).  

 

Figure S11. Reduced nitrogen costs by conversions between synonymous codons encoding for identical amino acids. 
Saved nitrogen atoms (N) on the level of double-stranded DNA and single-stranded mRNA were computed by 
subtracting the nitrogen costs of the most expensive codon from the other synonymous codons. 
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