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Abstract
The modular architecture of nonribosomal peptide synthetases (NRPSs) has inspired efforts to study their evolution and engineering. In 
this study, we analyze in detail a unique family of NRPSs from the defensive intracellular bacterial symbiont, Candidatus Endobryopsis 
kahalalidifaciens (Ca. E. kahalalidifaciens). We show that intensive and indiscriminate recombination events erase trivial sequence 
covariations induced by phylogenetic relatedness, revealing nonmodular functional constraints and clear recombination units. 
Moreover, we reveal unique substrate specificity determinants for multiple enzymatic domains, allowing us to accurately predict and 
experimentally discover the products of an orphan NRPS in Ca. E. kahalalidifaciens directly from environmental samples of its algal 
host. Finally, we expanded our analysis to 1,531 diverse NRPS pathways and revealed similar functional constraints to those observed 
in Ca. E. kahalalidifaciens’ NRPSs. Our findings reveal the sequence bases of genetic exchange, functional constraints, and substrate 
specificity in Ca. E. kahalalidifaciens’ NRPSs, and highlight them as a uniquely primed system for diversifying evolution.

Significance Statement

Nonribosomal peptide synthetases (NRPSs) represent an important class of biosynthetic pathways, responsible for the production of 
diverse small molecules with ecologically and biomedically relevant bioactivities. Here, we use a family of 20 NRPS pathways from the 
obligate intracellular bacterial symbiont, Candidatus Endobryopsis kahalalidifaciens, as a model system to study diversifying evolu-
tion in ecologically relevant NRPS pathways: they produce a diverse cocktail of defensive kahalalides that protect the algal host, 
Bryopsis sp., from predation. By resolving the evolutionary bases of diversification in these pathways, we were able to accurately pre-
dict and discover new kahalalide products from this symbiotic system. Finally, we show that similar evolutionary insights can be ob-
served in environmental NRPSs at large, broadening the scope of our findings.
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Introduction
Nonribosomal peptide synthetases (NRPSs) are multienzyme 
complexes that produce natural products (nonribosomal pepti-
des, NRPs) with enormous chemical diversities and a wide variety 
of biological activities. Multimodular NRPSs build their products 
in an assembly line fashion, where each module incorporates a 
single amino acid—including nonproteinogenic ones—into the 
growing peptide chain (1, 2). Each basic catalytic module contains 
an adenylation domain (A) that selectively activates an amino 
acid, a thiolation domain (T) on which the growing chain is 

tethered via a thioester bond, and a condensation domain (C) 
that catalyzes the peptide bond formation. Amino acid substrates 
can also be modified by optional domains, e.g. an epimerization 
domain (E) that changes the configuration of the alpha carbon 
from L to D or an N-methyltransferase domain that methylates 
the amino acid on the backbone nitrogen, among others (1–3). 
The final product is typically released by a thioesterase domain 
(TE), giving a cyclic, linear, or branched product (1).

Between domains and modules, interdomain linkers sew cata-
lytic sequences together. Such module and domain organization 
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tremendously potentiates the chemical diversity of NRPs and has 
been inspiring NRPS engineering for decades. NRPS engineering 
approaches focused on modifying the A domain specificity by 
swapping individual domains (4–8), multiple domains together 
(9–12), or even full modules (13, 14). Many of the engineering ef-
forts using these strategies have resulted in lower yields or even 
no production at all, with the exception of very elegant designs 
that succeeded in creating functional NRPSs by modifying se-
quences outside of the standard module and domain framework 
(15–19). A full understanding of the principles limiting the rational 
design of NRPS pathways is still needed.

Duplication followed by divergence is the main evolutionary 
mode that has been proposed for generating new NRPSs, where 
the NRPS pathway is first copied to an exact replica then diversi-
fied by mutation, recombination, module deletion, or module 
duplication (20–22). Phylogenetic analyses, while valuable in re-
flecting potential evolutionary paths, also reflect trivial sequence 
covariations due to shared ancestry (23). When sequence covari-
ation between two residues is observed, it is difficult to discern 
functional association from trivial co-occurrence in ancestral se-
quences by chance (24–27), which we term “phylogenetic related-
ness” in this study. In principle, a natural evolutionary system 
where pathways are closely related in sequence but highly diver-
gent in function would enable us to overcome this dilemma and 
directly link sequence covariations to functional constraints. 
Here, we study an NRPS system that is ideal for this purpose.

We have recently discovered an obligate bacterial symbiont, 
“Candidatus Endobryopsis kahalalidifaciens” (Ca. E. kahalalidifa-
ciens) that lives intracellularly within the marine alga Bryopsis 
sp. and produces a library of defensive toxins for the benefit of 
its host: the kahalalides (28–30). Despite its highly reduced gen-
ome, Ca. E. kahalalidifaciens encodes 20 closely related NRPS path-
ways, each active one is responsible for the production of at least 
one distinct kahalalide product. These pathways appear to have 
evolved through duplication and divergence followed by pervasive 
diversifying recombination to give rise to new pathways. This gen-
etic exchange occurred in extremely high frequency such that 
even sequence fragments in the same pathway do not follow the 
same phylogenetic tree. In this study, we report that the intensive 
recombination in Ca. E. kahalalidifaciens’ NRPSs reduces sequence 
covariation induced by phylogenetic relatedness, leaving correla-
tions induced by functional dependence clearly observable. We 
further capitalize on these findings to reveal rules of functional 
constraints and substrate specificity in this remarkable system, al-
lowing us to accurately predict and experimentally characterize 
products of an orphan NRPS in Ca. E. kahalalidifaciens.

Results
Intensive recombination between NRPS pathways 
in Ca. E. kahalalidifaciens reduces phylogenetic 
relatedness
In our previous work, we uncovered several special features of the 
Ca. E. kahalalidifaciens’ genome (28). First, its genome is signifi-
cantly reduced (1.87 Mb without the NRPS pathways), half of the 
average size of its family, and missing complete pathways for ami-
no acid biosynthesis and DNA repair. Second, its genome contains 
an unusually high number of transposons and transposases, en-
riched near the flanking regions of the NRPS pathways, with no 
significant signs for large-scale horizontal gene transfer. Third, a 
large proportion of the genome’s coding capacity (∼20%) and tran-
scriptional activity (∼26%) are dedicated to defensive kahalalides’ 

biosynthesis by numerous NRPS pathways. Altogether, the Ca. 
E. kahalalidifaciens genome harbors 20 NRPS pathways with 120 
modules and 434 domains that are highly homologous in se-
quence (Fig. 1A and B). We had labeled nine of these pathways 
as “active” because their chemical products were directly identi-
fied in the algal samples analyzed, whereas seven were labeled 
as “inactive” because they had disrupted domain structures by 
premature stop codons and transposases. The remaining four 
pathways were classed as “presumably active” since they had nor-
mal module and domain architectures, but their products had not 
yet been discovered. Among the four presumably active path-
ways, NRPS-3 and NRPS-19 are transcribed at an intermediate lev-
el in the environmental sample (Fig. 1B and Table S1). Throughout 
the rest of the manuscript, we will focus our analysis on the 13 ac-
tive and presumably active pathways.

In a typical “duplication and divergence” scenario for NRPS 
evolution, domains in the same pathway share a similar evolu-
tionary history. It is not clear whether the same degree of phylo-
genetic relatedness still holds for Ca. E. kahalalidifaciens’ NRPSs, 
where intense recombination between duplicated pathways 
results in an unprecedented mode of diversifying evolution 
(28). To test whether domains from the same pathway in Ca. 
E. kahalalidifaciens’ NRPSs continue to coevolve (or covary) des-
pite constant diversification, we quantified the correlation coeffi-
cient of their sequence distance matrices using the following 
approach. Briefly, for domains or interdomains of type X (where 
X can be C domain, A domain, T domain, C–A interdomain, A–T in-
terdomain, etc.), distances between its member xi in the i-th do-
main and the member xj in the j-th domain, d(xi, xj), is calculated 
by the fraction of amino acids that are different after sequence 
alignment. For the type X, d(xi, xj) for all pairs of i and j form its se-
quence distance matrix dX. The correlation coefficient between 
the distance matrix of type X and that of its neighboring type Y, 
ρX,Y = Corr(dX, dY), indicates the association degree between 
type X and type Y. The higher ρX,Y, the better the distance between 
a pair of X domains predicts the distance between their neighbor-
ing Y domains (Fig. 1C). Following this logic, if the pathway is under 
the typical duplication and divergence mode of evolution, across 
pathways and species, the similarity between two domains of 
type X can be attributed to them being in the same or closely re-
lated pathway or species. Such phylogenetic information is also 
shared by the neighboring domains of type Y, leading to strong co-
variation between X and Y even when there is no functional de-
pendence between them (Fig. 1D). On the other hand, intensive 
recombination would likely act against the phylogeny-induced co-
variation, as fragments of sequences randomly shuffle so proxim-
ate regions may have distinct evolutionary histories. At the same 
time, sequence associations induced by functional dependence 
would resist random shuffling. If domain or interdomain X and Y 
function in concert for desired products, then combinations with 
unmatched pairs would lead to dead enzymes that eventually 
get eliminated through evolution (31, 32), leaving only domain 
pairs with strong correlation induced by functional dependence 
(Fig. 1E).

Since there is only one starting C domain (Cs) and one TE do-
main per NRPS pathway, we started by comparing the phylogenet-
ic trees and computing distance matrix correlations (as described 
above) of these beginning and end domains from the 13 active and 
presumably active pathways in Ca. E. kahalalidifaciens at the ami-
no acid sequence level (Fig. 1F). Indeed, the two phylogenetic trees 
looked dissimilar, and the distance matrix correlation coefficient 
between the two domains was only −0.05 (Fig. S1), supporting 
the hypothesis that intensive recombination caused large 
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Fig. 1. A computational approach for quantifying modular biosynthetic gene cluster (BGC) evolution. A) Schematic representation of the modular 
structure of NRPSs. The same color code for domains is used for subsequent figures. B) Left, domain architecture of the 20 NRPS pathways encoded by Ca. 
E. kahalalidifaciens, following the same color code as in A. Right, a bar graph showing the expression level of the 20 NRPS pathways, in reads per kilobase 
pairs per millions of sequenced reads from the Bryopsis algae metatranscriptomic sequencing data. The same color code for the 20 pathways is used for 
subsequent figures. C) Schematic of the distance matrix correlation approach used in this study. In the upper panel, a hypothetical modular BGC is 
depicted, with modules made up of three types of domains represented by a concave polygon, a circle, and a convex polygon. Numbers are used to 
identify modules (m1, m2, etc.) and their domains. Modules 1–3 and 4–5 can be encoded on the same polypeptide, from the same pathways but encoded on 
two different polypeptides or from two different pathways. The fraction of amino acids that are different in a global alignment is used to calculate the 
distance between each two domains of the same type to produce comprehensive distance matrices. Hypothetical distance matrices of various types of 
domains (X, Y, and Z) are shown in the lower panel. The degree of association between two module types is indicated by the correlation coefficient 
between their two respective matrices. D) A diagram depicting modular BGC evolution under the “duplication and divergence” mode. Color shades 
distinguish subtypes within each type of domain. The distance matrices of domains that are functionally dependent (concave and convex polygons) and 
domains that are phylogenetically related but functionally independent (circle and polygons) are both strongly correlated. E) A diagram depicting 
modular BGC evolution under the “intensive recombination” mode, as in the case of Ca. E. kahalalidifaciens. A strong correlation can only be observed 
between the functionally dependent concave and convex polygons. On the other hand, any correlation due to the phylogenetic relatedness of 
functionally independent domains, e.g. the circle and the polygons, is eliminated by frequent sequence shuffling. F) Dendrograms based on the 
hierarchical clustering of the starting C domain sequences (left) and the ending TE domain sequences (right) from the 13 NRPS pathways (shown in 
colored circles in the middle). The two dendograms show different topologies.
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disturbances in the evolutionary history of Ca. E. kahalalidifaciens’ 
NRPSs and erased covariations that are typically induced by phylo-
genetic relatedness. Next, we computed sequence covariation be-
tween domains within the same module using the same approach, 
and again observed little evidence of covariation between all do-
main pairs, including C and A domains, A and T domains, and C 
and T domains ((Corr(dC, dA)) = 0.1, Corr(dA, dT) = 0.23, and 
Corr(dC, dT) = 0.12, Fig. 2A–C).

To be comprehensive, we also computed sequence covariation 
between domains in different modules. Surprisingly, we discov-
ered that the amino acid sequence of T domain strongly covaries 
with its recipient C domain in the next module (Fig. 2D), with a cor-
relation coefficient of 0.95. In addition, the C–A interdomain se-
quence also has a strong covariation with the preceding C and 
the preceding T domains, with correlation coefficients of 0.98 
and 0.95, respectively (Fig. 2E and F). These strikingly high signals 
of sequence covariation across neighboring modules among a 
general lack of intramodule covariation suggest a case of func-
tional dependence that constrains sequence divergence.

A nonmodular chirality unit in Ca. 
E. kahalalidifaciens
With strong intermodule covariation signals revealed by our ana-
lysis, we sought to explore their potential link to NRPS function. 
First, we decided to focus on chirality determinants. It has been 
known that the C domain has multiple chirality-dependent sub-
types (33, 34). Likewise, the chirality of T domains has also been 
suggested (35), but following studies showed controversial results 
(36). Not much has been discussed about the chirality-related 
subtypes of C–A interdomains. In Ca. E. kahalalidifaciens’ NRPSs, 
the T domain and C–A interdomain exhibit the same chirality 
dependence as that of the C domain. To further investigate this 
relationship, we performed hierarchical clustering for 90 T do-
mains belonging to the 13 active and presumably active Ca. 
E. kahalalidifaciens’ NRPS pathways. In the resulting phylogenetic 
tree, these domains did not group by their pathway, but, instead, 
they grouped exactly by whether they are followed by E, C, or TE 
domains (Fig. 2G). Furthermore, when we ordered the recipient C 
domains and the following C–A interdomains by their preceding 
T domains (for the C domains and C–A interdomains at the 
first module, they are ordered by the last T domain of the 
same pathway, the one right preceding the TE domain), this very 
grouping structure reappeared (Fig. 2G). Therefore, in Ca. 
E. kahalalidifaciens, T domains can be categorized into three sub-
types: two of which follow the chirality groupings of C domains: L 
subtype, which has no E domain within its module; D subtype, 
which is followed by an E domain; and a third Ender-subtype, 
which directly precedes the TE domain. Furthermore, the C–A in-
terdomain can also be categorized into three groups: L and D sub-
types, such as the T domain, and a third starter subtype for C–A 
interdomain, which follows the Cs domain at the head of a 
pathway.

Next, we analyzed the multisequence alignments of T domains 
and C–A interdomains in search for positions that are highly pre-
dictive of their subgroups, as measured by the mutual informa-
tion between residues and subgroups. Our analysis revealed a 
two-segment structure for both the T domain and the C–A inter-
domain (Figs. 2H and S2). In T domains, the highly conserved T1 
motif “DDFFxLGGDS(LI)” appears in the middle of all subtypes 
(Fig. 2J), which has been known to be highly conserved and crucial 
for phosphopantetheinyl binding (37, 38). The T1 motif separates 
the T domain into two halves with distinctive properties. The first 

segment, extending from the start of the domain (Tα1 motif, 
Fig. 2I) to the end of the T1 motif (Fig. 2J), is relatively conserved 
and contains little information about subtypes. The second seg-
ment, which extends from the T1 motif to the end of the domain, 
diverges by subtypes, with residues containing high content of in-
formation on subtypes.

Across the C domain, high-information residues start from the 
known C1 motif, extend beyond the known C7 motif, and experi-
ence a sudden stop at a position between the known C7 motif and 
the known A1 motif (Fig. 2H). In this position located in the C–A in-
terdomain, we noticed a new conserved motif “ELLETFNxTE(VA) 
YP” for all subtypes (Fig. 2K). We named it the “CA motif,” located 
101.8 (±7.9) aa after the end of the C7 motif, and 28.0 (±0.1) aa be-
fore the start of the A1 motif. Similar to the T1 motif, the CA motif 
separates the C–A interdomain into two halves, where the first 
half diverges by chirality dependence, and the second half is rela-
tively conserved across all subtypes. By the known core T1 motif 
and the newly discovered CA motif, we can define a nonmodular 
and nondomain “chirality unit” for Ca. E. kahalalidifaciens, which 
starts from the middle of the T domain, contains the whole C do-
main, and ends around 28 aa before the A domain. This chirality 
unit has two subtypes: if this unit contains E domain, it is of D sub-
type; otherwise, it is of L subtype. Interestingly, all the three com-
ponents of the proposed chirality unit share spatial proximity and 
appear to closely interact in previously solved crystal structures of 
multidomain NRPSs (9, 39), further supporting their potential 
functional dependence during enzymatic catalysis (Fig. S3).

An A-domain-based substrate specificity unit in 
Ca. E. kahalalidifaciens
While the T, E, and C domains may jointly dictate the substrate’s 
chirality, the A domain has been known for decades to determine 
substrate specificity (40–42). Along the same lines, no other do-
main or interdomain in Ca. E. kahalalidifaciens covaries signifi-
cantly with A domains within the same module (Fig. 2A and B). 
Because of the complex evolutionary history of NRPSs in Ca. 
E. kahalalidifaciens, a detailed analysis of the sequence–function 
association of A domains may reveal a more resolved view of sub-
strate specificity determinants in this system. We quantified the 
mutual information between residues and substrate specificities 
in the nine active pathways whose products have been previously 
validated in the same sample (28). Detailed multisequence align-
ment revealed a three-segment structure for A domains in Ca. 
E. kahalalidifaciens (Fig. 3A), separated by two known core motifs 
A3 and A6 (Fig. 3B and C) (38): segments before the A3 motif and 
those after the A6 motif are moderately variable, with little infor-
mation about the substrate specificity of A. In contrast, the seg-
ment between the A3 motif and the A6 motif (we termed it 
“Acore”) is highly variable and harbors high content of mutual in-
formation about substrate specificity. Of note, the high- 
information region ends about seven residues earlier than the 
conventional A6 motif. A recent analysis suggested multiple con-
served sites right before the known A6 motif (37). Therefore, we 
used this extended A6 motif (Fig. 3C) for further analyses. Not sur-
prisingly, the Acore sequence overlaps with the pocket region of A, 
which has been long-known to be responsible for the substrate se-
lectivity of A domains (40, 42, 43).

We then compared the ability of each of the following to predict 
the observed substrate specificity in the isolated kahalalides: se-
quence similarity of the Acore (Fig. 3D), sequence similarity of 
the full A domain (Fig. S4), and the pocket region of the A domain 
using standard methods (Table S1 and S2). Interestingly, 
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Fig. 2. Sequence covariations and the chirality unit in Ca. E. kahalalidifaciens’ NRPSs. A–F) Correlation between the distance matrices of different types of 
domains within modules (A–C), between modules (D), and between domains and interdomains (E, F) of Ca. E. kahalalidifaciens’ NRPSs. In A–F, axes 
indicate sequence distance, i.e. the fraction of amino acids that are different between the two sequences after alignment. Correlation coefficients are 
given on the top of each plot. G) The chirality dependence of the T domain, the C domain, and the C–A interdomain in Ca. E. kahalalidifaciens’ NRPSs. 
From left to right: dendrogram based on the hierarchical clustering of T domain amino acid sequences and the associated distance matrix, followed by 
the sequence distance matrices of the C domains and the C–A interdomains, organized to reflect the same order as in the T domain matrix. Color codes 
indicating pathway identities and chirality subtypes are shown to the right of the dendrogram, while domain organization subtypes are shown to the left 
of the dendrogram. H) Bar graphs representing the average sequence distance (bar height) and the mutual information between residues and subtypes 
(bar color) calculated from the multisequence alignment of the T domain, the C domain and the C–A interdomain. Positions of known conserved motifs 
(Tα1, T1, and C1–C7) and the newly identified CA motif are marked at the bottom. The proposed chirality unit starts from the T1 motif and ends with the 
CA motif. I–K) Sequence logos of the Tα1, T1, and the CA motif are shown in I–K, respectively.
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hierarchical clustering based on the distance matrix of Acore ami-
no acid sequences produced a sharper clustering than that of the 
entire A domain (Fig. S4). More importantly, it revealed cases 
where few mutations between otherwise closely related Acore 

domains appear to flip substrate specificity: for example, 
NRPS14-A5 and NRPS15-A2 select Leu and Phe, respectively, yet 
they share 87% identity in the core regions and could be switched 
into one another with only 22 mutations. Of note, predictions from 
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C

Fig. 3. A domain substrate specificity in Ca. E. kahalalidifaciens NRPSs. A) A bar graph representing the average sequence distance (bar height) and the 
mutual information between residues and substrate specificity (bar color) calculated from the multisequence alignment of the A domains in Ca. 
E. kahalalidifaciens NRPSs. Positions of known conserved motifs (the A1–A10 motifs of the A domain and the T1 motif at the beginning of the T domain) 
are marked at the bottom. The extended A6 motif is also marked on top of the canonical A6 motif. The proposed specificity unit starts at the end of the A3 
motif and ends at the beginning of the A6 motif, also termed as the Acore. B, C) Sequence logos of the A3 and the extended A6 motif, respectively. D) 
Dendrogram based on the hierarchical clustering of Acore amino acid sequences and the associated distance matrix (Acore domains from the nine active 
NRPS pathways and two presumably active NRPS-3 and NRPS-19 are shown). NRPS pathway of origin (following the same color code as in Fig. 1) and 
amino acid substrate specificity for each sequence are shown in color to the right of the dendrogram, clearly highlighting the homogeneity of substrates 
but not pathway of origin within clades. Text annotation indicating “NRPS pathway number—A domain module number—observed amino acid 
specificity” is provided next to the heat map.
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commonly used tools that rely mostly on the A domain pocket, 
such as NRPSpredictor2 (in antiSMASH) (44, 45), SeMPI 2.0 (46), 
or the classical Stachelhaus code based on A domain crystal struc-
ture (40–42), were mostly inaccurate in the nine active pathways, 
which is likely due to the fact that they were trained on pathways 
from species that are distant from Ca. E. kahalalidifaciens 
(Table S1). Taken together, we denote the Acore piece as the “spe-
cificity unit” of Ca. E. kahalalidifaciens NRPSs.

Specificity of tailoring modifications predicted by 
starting C and terminal TE domains
An important modification in the lipopeptide kahalalides is the 
conjugation of fatty acyl moieties to the first amino acid in the pep-
tide chain by the starter condensation domain (Cs), a process 
termed “lipoinitiation.” Lipoinitiation has been investigated in oth-
er systems before, suggesting that Cs is not only responsible for the 
acylation of the first amino acid, but also for selecting it (47–52). In 
the reduced genome of Ca. E. kahalalidifaciens, fatty acid synthesis 
pathways are largely intact and highly active, frequently posi-
tioned in close proximity to NRPS pathways and likely contributing 
to the diversity of the NRPS products (Fig. S5A and B). Since the ka-
halalides harbor five different fatty acid chains, we next asked 
whether we can recover additional rules for the Cs domain specifi-
city from sequence analyses. To answer this question, we calcu-
lated the distance matrix of all Cs domains, and used it to 
perform hierarchical clustering of these domains based on amino 
acid sequence identity. Satisfyingly, Ca. E. kahalalidifaciens’ Cs do-
mains grouped into four different clades, consistent with the size 
of the fatty acid chain incorporated (Fig. 4A): a group that selects 
butanoic acid (Bu) and 2-methylbutanoic acid (2MeBu; NRPS-20 
and NRPS-10, respectively), a group that selects 5-methylhexanoic 
acid (5-MeHex; NRPS-13, NRPS-8, and NRPS-11), a group that se-
lects 9-methyl-3-hydroxy-decanoic acid (9-Me-3Decol; NRPS-12, 
NRPS-14, and NRPS-15), and NRPS-18 that selects 7-methyl- 
3-hydroxy-octanoic acid (7-Me-3Octol). The high degree of se-
quence identity between Cs domains in Ca. E. kahalalidifaciens 
aids in identifying key regions that may determine fatty acid sub-
strate specificity. We observed that sites with high mutual infor-
mation regarding the fatty acid extend beyond the C7 motif 
(Fig. 4B and C), agreeing with the definition of a starter-unit extend-
ing from the first C1 motif to the CA motif. Structurally, these high- 
information sites can be located within or near the Cs domain’s 
“Latch” (Fig. S5C), a region recently reported to change conform-
ation during the catalytic reaction cycle (52).

Next, we turned into the last domain involved in kahalalide bio-
synthesis, the TE domain, and wondered if TE domain sequence 
can predict cyclization types observed. In a similar analysis to 
the one performed with the Cs domains, we computed the dis-
tance matrix of all 13 TE domains from the active and presumably 
active subset of Ca. E. kahalalidifaciens’ NRPSs, and performed 
hierarchical clustering based on amino acid sequence identity. 
In the kahalalides, macrocyclization occurs via an ester bond for-
mation between the carboxylic group of the last amino acid incor-
porated in the peptide chain and a hydroxyl group at the 
beginning of the chain. Interestingly, TE domains fell into two 
main clades. In the resulting molecules, these two clades differ 
in the source of the macrolactone hydroxyl group: a hydroxyl 
group from a hydroxylated fatty acid chain in one group (e.g. 
9Me3Decol, 7Me3Octol in KY, KE, KQ, and KD of NRPS-12, -14, 
-15, and -18), and a hydroxyl group from a hydroxylated amino 
acid (e.g. Ser or Thr in KA, KB, KO, and KC of NRPS-10, -11, -13, 
and -20; Fig. 4D).

Aside from the NRPS-8 TE, which is over 80% dissimilar from 
other TEs, eight TEs from the other active pathways are extremely 
similar, with only 5–20% residue differences (Fig. 4D), allowing us 
to perform detailed sequence-to-function analyses. We uncov-
ered two high-information sections concerning the cyclization 
type. One region is between the last T1 motif and the TE1 motif 
(residues 132–144, Fig. 4E and F). More high-information sites 
can be found after the TE1 motif (residues 233–235, Fig. 4E and 
F). This is the first helix of the “Lid” region (Fig. S5D), which has 
been shown previously to confer substrate selectivity (53–55). It 
has been reported that the substrate enters the TE domain 
through a channel between the Lid and the Core regions, consist-
ent with our data suggesting that the first helix of the Lid area may 
exhibit selectivity for the cyclization type.

Sequence analysis of Ca. E. kahalalidifaciens 
NRPS domains allows accurate prediction and 
targeted discovery of novel kahalalides
To test whether the results we obtained from the detailed se-
quence analysis of Ca. E. kahalalidifaciens’ NRPSs can lead to 
the accurate prediction of their products, we decided to focus on 
previously uncharacterized yet presumably active NRPSs encoded 
in the Ca. E. kahalalidifaciens genome. An extensive analysis of 
the nine orphan NRPSs, together with prior transcriptomics ana-
lysis (28), suggested that NRPS-19 is a promising candidate for dis-
covery: it has an intact domain architecture with an intermediate 
expression level yet no kahalalide products have ever been linked 
to it (Fig. 1B). Guided by our sequence analyses described above, 
we based our predictions on the similarity of NRPS-19 domains 
to domains from the active NRPS pathways (i.e. previously linked 
to specific kahalalide products; Figs. 3D and 4C, F).

The Acore sequences of NRPS-19 cluster nicely with A domains 
with different substrate specificity from the nine active pathways 
(Fig. 3D). NRPS19-A1 locates within the S cluster, with 96% identity 
to NRPS10-A7 (selecting S) and 95% identity to NRPS15-A3 (S). 
NRPS19-A2 is most similar to domains selecting F (94% identity 
to NRPS15-A8 and 92% identity to NRPS15-A2). NRPS19-A3, 
NRPS19-A4, and NRPS19-A6 locate in the I/V cluster, most similar 
to NRPS13-A6 (97% identity), NRPS20-A6 (98% identity), and 
NRPS20-A6 (99% identity), respectively, both coding for 
I. NRPS19-A5 clusters with two other domains selecting R 
(NRPS18-A3, 95% identity and NRPS20-A4, 92% identity). Taken to-
gether, we speculated the major product of NRPS-19 to be: 
S-F-I-I-R-I. Notably, NRPSpredictor2 and other prediction tools 
fail to predict the specificity of all six domains of NRPS-19 
(Table S1). Other than the A domains, the Cs domain of NRPS-19 
falls into the 5MeHex cluster (Fig. 4A and C), and the TE domain 
is in the hydroxylated amino acid clade (Fig. 4D and F), which is 
in line with the first amino acid being a serine. Taken together, 
the product of NRPS-19 was predicted to be: 5MeHex-S-F-I-I-R-I, 
with an amino acid macrocyclization to the initial serine’s hy-
droxyl. Using the E domain and chirality unit information, we fur-
ther predicted that the amino acids F and R will be in the D 
configuration, while the rest of the amino acids will be in the L con-
figuration. Following this prediction, NRPS-19’s putative product 
was expected to have an exact mass of 841.54 Da (Fig. 5A).

To test whether our prediction is accurate, and whether the 
NRPS-19 product is indeed produced, we generated a crude ex-
tract of the Bryopsis algae and searched for the predicted mass 
(m/z = 842.5498, [M + H]+) using High Performance Liquid 
Chromatography coupled with High Resolution tandem Mass 
Spectrometry (HPLC–HR–MS/MS) analysis. Satisfyingly, an ion 
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matching the same mass was identified (observed: m/z = 842.5497, 
[M + H]+, error −0.1 ppm, Fig. 5B), and further analysis of its MS/MS 
fragmentation pattern confirmed the proposed product as 
5-MeHex-S-F-I-I-R-I (Fig. S6 and Table S3). To unequivocally deter-
mine the structure of the identified molecule (e.g. MS/MS frag-
mentation alone does not differentiate L and I), and to confirm 
the predicted stereochemistry, we performed MS-guided isolation 

and purification of the target ion from a large-scale extraction of 
Bryopsis algae, yielding 1.1 mg of pure molecule (Fig. S7). We 
then performed full structural elucidation of the purified new 
molecule, which we termed kahalalide L-1 (1, Fig. 5C), using a 
combination of 1D and 2D Nuclear Magnetic Resonance (NMR) 
analyses (Figs. S8–S10 and Table S4) and advanced Marfey’s ana-
lysis (Figs. S11–S14, see Supplementary Methods for a complete 

A D

B E

C F

Fig. 4. Sequence–function specificity of Cs and TE domains in Ca. E. kahalalidifaciens’ NRPSs. A) Dendrogram based on the hierarchical clustering of Cs 
domain amino acid sequences and the associated distance matrix (Cs domains from the nine active NRPS pathways and two presumably active NRPS-3 
and NRPS-19 are shown). NRPS pathway of origin (following the same color code as in Fig. 1) and fatty acid substrate specificity for each sequence are 
shown in color to the right of the dendrogram, clearly highlighting the homogeneity of substrates within clades. Text annotation indicating “NRPS 
pathway number—Cs—observed fatty acid specificity” is provided next to the heat map. B) A bar graph representing the average sequence distance (bar 
height) and the mutual information between residues and fatty acid substrate specificity (bar color) calculated from the multisequence alignment of the 
Cs domains in Ca. E. kahalalidifaciens’ NRPSs, starting from the first C1 motif until the first A1 motif. Positions of known conserved motifs are marked at 
the bottom. C) High mutual information sites for the pathways analyzed in A, B (numbers indicate amino acid positions in the multisequence alignment 
shown in B). D) Dendrogram based on the hierarchical clustering of TE domain amino acid sequences and the associated distance matrix (TE domains 
from eight active NRPS pathways, excluding NRPS-8, and two presumably active NRPS-3 and NRPS-19 are shown). NRPS pathway of origin (following the 
same color code as in Fig. 1) and cyclization type for each sequence are shown in color to the right of the dendrogram, clearly highlighting the 
homogeneity of cyclization types within clades. Text annotation indicating “NRPS pathway number—TE—cyclization type” is provided next to the heat 
map. E) A bar graph representing the average sequence distance (bar height) and the mutual information between residues and cyclization type (bar 
color) calculated from the multisequence alignment of the TE domains in Ca. E. kahalalidifaciens’ NRPSs, starting from the end of the last Tα1 motif until 
the end of the pathway. Positions of known conserved motifs are marked at the bottom. F) High mutual information sites for the pathways analyzed in D, 
E (numbers indicate amino acid positions in the multisequence alignment shown in E).
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discussion of the structural elucidation procedures). In addition, 
two related variants, which we named kahalalides L-2 and L-3 
(2–3), were detected and their structures could be proposed by 
comprehensive MS/MS analysis (Figs. 5B, D, S15 and S16, and 
Tables S5–S6). Notably, these congeners correspond to the sub-
strate promiscuity predicted by our computational analysis: 
NRPS19-A3 and NRPS19-A4 are located in the I/V cluster, and 
therefore can select either amino acid (Fig. 3D). Unfortunately, 

the same approach was not successful when applied to NRPS-3: 
although we could confidently predict the substrate specificity 
of the Cs domain (7Me3Octol, Fig. 4A and C) and most A domains 
(NRPS-3-A1: W, NRPS-3-A2: P, NRPS-3-A3: L, NRPS-3-A4: I, 
NRPS-3-A6: P, Fig. 3D), as well as the macrocyclization type (a fatty 
acid-derived hydroxyl group, Fig. 4D and F), we were unable to 
confidently predict the substrate specificity of NRPS-3-A5, which 
falls in a promiscuous and undefined clade that includes A 

A

B

C D

Fig. 5. Prediction, discovery, and structural elucidation of the products of Ca. E. kahalalidifaciens’ NRPS-19. A) Overview of the prediction rules for Ca. 
E. kahalalidifaciens’ NRPS products, applied to the orphan NRPS-19. B) Extracted ion chromatograms for the calculated mass to charge ratio (m/z) 
corresponding to the [M + H]+ ions of the products of Ca. E. kahalalidifaciens’ NRPS-19, as detected in the chemical extract of Bryopsis sp. Mass spectrum of 
the observed ion for each product, kahalalides L-1 (1), L-2 (2), and L-3 (3), respectively. C) The molecular structure of Kahalalide L-1 (1) and key COSY and 
HMBC correlations from the NMR analysis used to elucidate the structure. Results from the Marfey’s analysis are indicated next to the amino acid 
residues. D) Domain organization of NRPS-19 from Ca. E. kahalalidifaciens is shown in the middle: Cs, starter condensation; A, adenylation; T, thiolation; 
C, condensation; E, epimerization; TE, thioesterase. Proposed biosynthetic scheme for kahalalides L-1-3 (1–3) is shown at the bottom, while 
transcriptional activity, based on prior metatranscriptomic analysis (28) is shown on top.
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domains responsible for the incorporation of F, K, as well as the 
nonproteinogenic amino acid O. Nevertheless, our ability to pre-
cisely predict natural products from the sequence of NRPS-19, 
and to experimentally verify these predictions by discovering nov-
el products from a symbiotic system that has been studied for dec-
ades is remarkable. It is important to note that this level of 
predictability in such a complex system would not have been pos-
sible without the detailed sequence-level analysis performed on 
the Ca. E. kahalalidifaciens’ NRPSs.

The unit-and-linker organization of Ca. 
E. kahalalidifaciens NRPSs reveals DNA 
recombination hotspots
The amino acid sequence covariation, multisequence alignment 
analysis, and the successful prediction of NRPS-19 products provide 
support to a unit-and-linker organization of NRPSs in Ca. 
E. kahalalidifaciens (Fig. 6A and B): the structural domains and mod-
ules are no longer unbreakable entities from an evolutionary stand-
point. Instead, the sequences of domains and interdomains are 
divided by four highly conserved motifs to give four functional units 
with negligible sequence association: the starter unit, from the be-
ginning of the pathway to the first CA motif; the specificity unit 
Acore, from the A3 motif to the extended A6 motif for each A domain; 
the chirality unit, from the T1 motif to its following CA motif; and the 
terminal unit from the last T1 motif to the tail of the pathway. In add-
ition, two highly conserved linkers, one extends from the CA motif to 
its following A3 motif (termed CA–A3) and another extends from the 
extended A6 motif to its following T1 motif (termed A6–T1), sew 
these functional units together (Fig. 6B). In this assembly logic, 
beginning from the starter unit, n loops with the flow “→ CA–A3 
linker → specificity unit → A6–T1 linker → chirality unit → CA–A3 
linker,” producing n-substrate product, then an exit from the A6– 
T1 linker to the terminal unit completes the synthesis.

Next, to test whether the units or linkers have sequence associ-
ation, we quantified the residue covariation from the multisequence 
alignment of 88 A–T–C–A amino acid sequences from the 13 active or 
presumably active pathways using the average product corrected 
mutual information method (25). Strong covariations only occur in-
side each functional unit but not elsewhere else (Fig. 6C). We found 
no evidence of coevolution between the specificity unit and its fol-
lowing chirality unit, nor between any pairs of adjacent units and 
the linker. This finding demonstrates that units and linkers have lit-
tle sequence covariation, implying that they might be used by Ca. 
E. kahalalidifaciens as the basic building blocks for sequence recom-
bination and pathway diversification.

Nucleotide sequence–based analyses offer higher resolution on 
patterns of recombination than amino acid sequence–based ana-
lyses. Previously, we visualized Ca. E. kahalalidifaciens’ recombin-
ation events as distinct stripes on genome-wide nucleotide 
identity dot plots (28). Here, we further analyzed these stripes to 
identify potential recombination “units” (Fig. 6D). Despite varying 
in length, composition of these stripes follows certain rules 
(Fig. 6E): first, between any two pairs of NRPSs, the starter and ter-
minal units are always involved in stripes. Second, other than 
starter and terminal units, long stripes are more likely to start 
within around 80% of the C–A interdomains and end inside T do-
mains at middle positions (Fig. 6F and G)—the exact two regions 
where the conserved CA motif and the T1 motifs are located. 
Sometimes, dips in stripes can be observed in the middle of A do-
mains, corresponding to the highly variable specificity units. 
Consequently, most stripes start at the CA–A3 linker and end 
with the A6–T1 linker, with varying number of domains in 

between (Fig. 6H). As homologous recombination needs to be 
mediated by similar or identical DNA sequences, it is reasonable 
that these highly conserved motifs in linkers, which sew the func-
tional units together, act as recombination hotspots.

Signatures of the chirality unit are broadly visible 
in non-Ca. E. kahalalidifaciens NRPS pathways
Our results suggest that Ca. E. kahalalidifaciens’ NRPSs exhibit a 
special unit-and-linker organization that has not been previously 
observed in other NRPS pathways. It is not clear whether this or-
ganization is truly unique to Ca. E. kahalalidifaciens, stemming 
from its symbiotic lifestyle, or whether it reflects general princi-
ples of NRPSs that are masked by other factors. To answer this 
question, we explored a well-annotated BGC database containing 
1,531 NRPS pathways from 991 species spanning across 3 domains 
of life using the same methods employed above for Ca. 
E. kahalalidifaciens (Fig. 7A–D) (56). In this database, domains ex-
hibit extensive variation in sequence (33% mean amino acid se-
quence identity among 9,541 A domains, 27% among 7,946 C 
domains, and 34% among 8,518 T domains). However, despite 
such considerable sequence dissimilarity, we found that the chir-
ality subtype in T domain and C–A interdomain, although weak, is 
also visually apparent and consistent. First, sequence distance 
matrices of T and C domains and C–A interdomains show cluster-
ing structure by their chirality subtypes (Fig. 7EG), where sequen-
ces within the same subtype are significantly more similar than 
sequences between different subtypes. Second, the grouping 
structure from the database is consistent with what was observed 
in Ca. E. kahalalidifaciens’ NRPSs. For example, D-typed T do-
mains from the database are closer to D-typed T domains from 
Ca. E. kahalalidifaciens than L-typed domains from Ca. 
E. kahalalidifaciens, and vice versa for subtype L. The same trend 
could be recovered for C domains and C–A interdomains. Third, 
using multisequence alignment, very similar sequence signatures 
that distinguish the chirality subtypes of T domain and C–A inter-
domain appear in both Ca. E. kahalalidifaciens’ pathways and 
database pathways (Fig. S17). These results suggest that the chir-
ality unit concept is likely a general feature for NRPSs.

Next, we decided to investigate further why the observed signal is 
so prominent in Ca. E. kahalalidifaciens’ NRPSs but just discernible in 
the larger, more diverse database. The distinction can be attributed 
to the different modes of evolution: Ca. E. kahalalidifaciens is under-
going diversifying evolution, in which lineage information has been 
erased by extensive recombination so that even domains in the 
same pathway do not share the same history (Fig. 1E); meanwhile, 
pathways in the large database follow the model of “duplication 
and divergence,” where pathways and modules duplicate then diver-
sify through mutation and relatively infrequent recombination (20, 
22, 31), leaving phylogenic-relatedness largely intact (Fig. 1D). 
Consequently, and as expected in a dataset containing diverse spe-
cies where the interference from phylogenetic relatedness is strong, 
we found that distances between pairs of A domains correlate signifi-
cantly with their phylogenetic relatedness: A domains from the same 
species tend to be more similar than those from different species, do-
mains within the same pathways share even higher degree of simi-
larity, and domains within the same protein coding sequences are 
the most similar (Fig. 7C). Such trend of increasing similarity with 
closer phylogeny produces sequence associations unrelated to func-
tional dependence. In contrast, in the Ca. E. kahalalidifaciens system, 
there is no difference in distance distribution between all pairs of A 
domains, pairs from the same pathway, or pairs from the same pro-
tein coding sequence (Fig. 7D). We propose that this lack of 
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Fig. 6. A unit-and-linker view of NRPSs in Ca. E. kahalalidifaciens, marked by recombination hotspots. A) Cartoon illustration of the units and linkers of 
NRPSs in Ca. E. kahalalidifaciens. Colored diamonds represent conserved motifs (CA motif, A3 motif; extended A6 motif; T1 motif) that divide Ca. 
E. kahalalidifaciens’ NRPSs into functional units (indicated by shapes above the pathway cartoon) and conserved linkers. B) The assembly logic of the 
units and linkers, with arrows indicating choices of the next unit or linker. C) The coevolution pattern between units and linkers quantified by normalized 
mutual information. Based on the multisequence alignment of A–T–(E)–C–A sequences (starting from the A1 motif, omitting the E1–E7 region, and ending 
before the T1 motif), the variability along the alignment was quantified by Shannon entropy (upper panel), with locations for core motifs marked by 
colored squares and the four conserved motifs in A marked by colored diamonds. The heat map in the lower panel shows the normalized mutual 
information (MIp) between pairs of positions in the alignment. Positions for the four conserved motifs are indicated by lines with corresponding colors, 
and positions match those in A. D) An example of a nucleotide sequence identity plot between NRPS-14 and NRPS-18. Percent identity between pairs of 
sequence fragments are represented by colors, ranging from yellow (dissimilar) to blue (highly similar), and following the color code on the right. E) 
Stripes formed by highly similar pairs in D, colored by the domains they harbor (domains follow the same color code as in A). F) The fraction of each 
domain type found at the start position (upper panel) or end position (lower panel) of stripes, marking potential start and end of recombination units. G) 
For stripes starting in C–A interdomain (higher panel), or ending in T domain (lower panel), the distribution of the position they start or end at in the 
corresponding domains is shown. Positions on the x axis are shown as a percentage of the total length of the domain. H) The five most frequent patterns of 
stripes among all pairs of NRPSs, as a percentage of all computed stripes.
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Fig. 7. Validation of the unit and linker model in a large database of diverse NRPSs. A) Distribution of the number of modules in each NRPS pathway in the 
analyzed database. Compared with NRPS-8 in Ca. E. kahalalidifaciens (13 modules), only 2.9% of pathways in the database have the same or more number 
of modules. B) Distribution of the number of NRPS pathways encoded by each species in the analyzed database. Compared to Ca. E. kahalalidifaciens (20 
pathways), the species with the largest number of NRPS pathways in the Helsinki database is Aspergillus oryzae RIB40 (16 pathways). C) Distribution of the 
amino acid sequence distances between A domains in the analyzed database, based on comparing all pairs of A domains (black), only pairs from the same 
species (red), only pairs from the same pathways (green), and only pairs from the same protein coding sequence (blue). D) Distribution of the amino acid 
sequence distances between A domains in Ca. E. kahalalidifaciens, based on comparing all pairs of A domains in this species (red), only pairs from the 
same pathways (green), and only pairs from the same protein coding sequence (blue). E–G) Left heat maps: distance matrices of T domain (E), C domain 
(F), and C–A interdomain (G) from the analyzed database, sorted by their chirality subtypes. Note that domains and interdomains in the database cluster 
by chirality in the same manner as in Ca. E. kahalalidifaciens. Right heat maps: distance matrix between domain or interdomain sequences from the 
analyzed database and Ca. E. kahalalidifaciens’ domains or interdomains in the corresponding chirality subtypes. H) The correlation between distance 
matrices of NRPS domains in the analyzed database, as in the analysis shown for Ca. E. kahalalidifaciens’ NRPSs in Fig. 2A–E. Axes indicate sequence 
distance, i.e. the fraction of amino acids that are different between the two sequences after alignment. From left to right, the phylogeny gets more and 
more restricted from all pairs, to only pairs originating from the same species, pathways, and protein coding sequences. Only in the first row (the 
correlation between T domains and the next C domains), the correlation coefficients increase.
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phylogenic relatedness in Ca. E. kahalalidifaciens’ NRPSs sharpens 
the functional dependence signals in its sequence covariations.

If true, we hypothesized that it is possible to computationally 
recover very similar signals of functional dependence in the large 
database by progressively restricting the phylogenetic distance 
(Fig. 7H, see “Methods” section for detail). When the phylogeny 
is not restricted, i.e. all domain pairs are taken into calculation, 
the correlation between the distance matrices of T domains and 
the following C domains Corr(dT, dC + 1) is 0.54, not drastically 
different than that of C domains and the following A domains 
(Corr(dC, dA) = 0.41), or that of A domains and the following T 
domains (Corr(dA, dT) = 0.52), first column of Fig. 7H). However, 
if we set the phylogeny to be more and more restricted, 
from “only comparing pairs of domains from the same species” 
(second column, Fig. 7H) to “from the same pathways” (third 
column, Fig. 7H) then to “from the same gene” (fourth column, 
Fig. 7H, Corr(dT, dC + 1)) monotonically raises to 0.73, 0.75, 
and 0.82, respectively. Meanwhile, the correlation between 
other neighboring domains remains flat or even decreases 
(Corr(dC, dA|same gene) = 0.28, Corr(dA, dT|same gene) = 0.48). In 
summary, among the neighboring domain pairs, T domains and 
their recipient C domains increase in correlation as the phylogeny 
gets restricted, while C domains and the following A domains de-
crease in correlation with reduced phylogeny information, con-
sistent with our initial observation in Ca. E. kahalalidifaciens 
(Fig. 2A–F). This analysis further supports the notion that closely 
related NRPS pathways in Ca. E. kahalalidifaciens uncover non-
modular functional dependencies that may otherwise be masked 
by phylogenetic relatedness.

Discussion
Candidatus Endobryopsis kahalalidifaciens is unique in several as-
pects, from its ecological role to the evolution mode and organiza-
tion of its NRPSs. Ecologically, Ca. E. kahalalidifaciens is strictly 
intracellular, which limits genetic communication with other bac-
teria. On the other hand, its defensive role in the symbiotic rela-
tionship with its algal host inspires chemical innovation, forcing 
Ca. E. kahalalidifaciens to generate chemical diversity through in-
tensive recombination events. Here, we uncover that under this 
mode of evolution, frequent recombination erased the phylogen-
etic relatedness of duplicated pathways, leaving functional con-
straints of NRPS assembly lines sharply observable. Under this 
organization, NRPS pathways in Ca. E. kahalalidifaciens are com-
posed of four types of functional units sewed by conserved linkers. 
Within each type of functional unit, the high degree of sequence 
homology helps in unveiling the sequence–structure–substrate 
relationship. By applying metagenome mining in this diversely 
evolved system, we deorphanized an NRPS pathway in Ca. 
E. kahalalidifaciens and discovered new symbiont-derived marine 
natural products, named kahalalides L-1-3.

It is worth mentioning that in Ca. E. kahalalidifaciens, sequen-
ces from adjacent functional units appear to be nearly decoupled. 
Various couplings have been proposed in NRPS systems, including 
the influence of the C domains on the substrate selectivity of the 
following A domain, and linkages between adjacent A domains 
(57, 58). In a recent computational work performing coevolution 
analysis on sequences of 7,329 NRPS domains from the MiBiG 
database (59), overlapped coevolving sectors across C–A–T mod-
ules were revealed, limiting domain and subdomain swapping 
(37). Diversifying evolution may have pushed functional units in 
Ca. E. kahalalidifaciens to a “ready-to-recombine” state, where 
the specificity and chirality units decoupled to encourage the 

generation of new functional pathways. Because of this decoup-
ling, NRPSs in Ca. E. kahalalidifaciens may be ideal candidates 
for recombination-based reengineering in a nonmodular fashion. 
Excitingly, a nonmodular “exchange-unit” (XU) design was recent-
ly used as the building block for combinatorial reengineering of 
another diverse system of NRPSs and achieved good yields (15, 
16). Remarkably, XUs are fused at specific positions that connect 
C domain and A domain, about nine amino acids ahead of the 
Ca. E. kahalalidifaciens CA motif. More recently, the T1 and T2 
motifs were also identified in this system, along with the correl-
ation between the T2 motif and subsequent chirality determining 
domains, enabling NRPS engineering between pathways from differ-
ent bacteria with unprecedented success (60). Likewise, swapping 
sequence pieces within the specificity-unit-like sequence instead 
of the whole A domain had shown better yields while engineering 
NRPSs (17–19). With rapid advances in sequence editing technolo-
gies, and vast growing databases of natural product biosynthetic 
pathways and their characterized products, more light is constant-
ly being shed on sequence–function associations and specific 
modes of diversifying evolution in these complex pathways (19, 61).

We envision that the broad utilization of the coevolutionary 
methodology described here would stimulate both the targeted dis-
covery of new molecules as well as the rational engineering of their 
biosynthetic machineries. Recombination eliminates sequence as-
sociations, a consequence that has been thoroughly investigated 
in linkage disequilibrium in human population genetics (62). In 
this specific case of a marine symbiont, diversifying evolution results 
in a phenomenon that we would like to refer to here as the “ocean 
wave model”: pervasive recombination in Ca. E. kahalalidifaciens 
erases the sequence associations induced by phylogenetic related-
ness, as if a tidal wave washes away the sand from the rocky beach, 
leaving the essential organization for NRPS functions clearly visible. 
Using computational techniques, we found that artificially con-
straining phylogenetic information reveals similar functional con-
straints even in large and diverse databases. With more databases 
of biosynthetic pathways and their products compiled, and more 
genomic and metagenomic sequencing data generated from diverse 
environments, similar coevolutionary approaches to the one de-
scribed in this work can be systematically applied. Importantly, 
the logic of the ocean wave model is not limited to examining the de-
sign principles of NRPS assembly lines, but can be extended to dis-
cover functional constraints in other types of multienzyme 
biosynthetic and metabolic pathways.

Methods
Detailed methods are available in the Supplementary Material of 
this paper.
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