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Assembly-line polyketide synthases (PKSs) are large and complex
enzymatic machineries with a multimodular architecture, typically
encoded in bacterial genomes by biosynthetic gene clusters. Their
modularity has led to an astounding diversity of biosynthesized mol-
ecules, many with medical relevance. Thus, understanding the mech-
anisms that drive PKS evolution is fundamental for both functional
prediction of natural PKSs as well as for the engineering of novel
PKSs. Here, we describe a repetitive genetic element in assembly-
line PKS genes which appears to play a role in accelerating the diver-
sification of closely related biosynthetic clusters. We named this ele-
ment GRINS: genetic repeats of intense nucleotide skews. GRINS
appear to recode PKS protein regions with a biased nucleotide com-
position and to promote gene conversion. GRINS are present in a
large number of assembly-line PKS gene clusters and are particularly
widespread in the actinobacterial genus Streptomyces. While the mo-
lecular mechanisms associated with GRINS appearance, dissemina-
tion, and maintenance are unknown, the presence of GRINS in a
broad range of bacterial phyla and gene families indicates that these
genetic elements could play a fundamental role in protein evolution.
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Polyketide synthases (PKSs) are large enzymatic machines that
synthesize structurally diverse natural products, many of which
are used as antibiotics, immunosuppressants, anticancer agents, and
other types of medicines. In bacteria, a substantial fraction of pol-
yketides is synthesized by multimodular PKSs, where each module
consists of a set of domains that collectively catalyze one round of
elongation and chemical modification of the growing polyketide
chain (1) (Fig. 14). The homologous modules of each PKS operate
in a defined assembly-line manner. The emergence of this multi-
modular architecture and its subsequent diversification has led to
an astounding complexity and variety of polyketide natural prod-
ucts. However, the underlying evolutionary processes that drive the
evolution of assembly-line PKSs are not well understood (2).
According to one model, present-day assembly-line PKSs
mainly arose through successive duplications of a parent module,
whereafter each prototypical multimodular PKS evolved into a
family of distinct but functionally related contemporary PKSs.
However, this model has several discordances. For instance, it pre-
dicts that orthologous modules of closely related PKSs should cluster
together in phylogenetic trees, which is often not the case (Fig. 1B).
An alternative model proposes that assembly-line PKSs arose
through recombination between different modules in a mosaic-like
manner (3), whereafter present-day PKSs evolved through a com-
bination of point mutations, recombination, and gene conversion (2).
Gene conversion is a process in which a DNA sequence is
nonreciprocally transferred from one homologous region to an-
other, thereby homogenizing these homologous sequences (Fig.
1C). It is common in eukaryotic genomes, where it frequently
occurs during mitosis, meiosis, and double-strand-break repair
and has not only been implicated in the evolution of many gene
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families but also identified as the mechanism causing certain
genetic diseases (4). In bacteria, gene conversion has been de-
scribed only in a few systems, but its overall evolutionary role in
prokaryotic genomes is not well understood (5). Gene conver-
sion has also been implicated in assembly-line PKS evolution (6,
7), although its extent, role, and mechanism remain unclear.

We recently proposed that extensive gene conversion between
paralogous modules of assembly-line PKSs could explain why
paralogous modules are often more similar to each other than
orthologous ones (Fig. 1B) (2). In this work we sought to quantify
the prevalence of gene conversion in assembly-line PKSs and in-
vestigate whether it might confer an evolutionary advantage. We
discovered not only that gene conversion is widespread in assembly-
line PKSs but also that it is frequently associated with the presence
of a genetic element which recodes PKS genes and undergoes gene
conversion. This association is particularly strong within Strepto-
myces bacteria, suggesting a major role in the diversification of
assembly-line PKSs and possibly other gene families.

Results

Discovery of Genetic Repeats of Intense Nucleotide Skews in
Assembly-Line PKS Genes. To assess how common gene conversion

Significance

Assembly-line polyketide synthases (PKSs) make many medicinally
significant natural products. A better understanding of evolution-
ary mechanisms underlying polyketide diversification could open
new avenues for PKS engineering and drug discovery. In the
course of interrogating the role of gene conversion in assembly-
line PKS evolution, we discovered not only that gene conversion is
widespread in these PKSs but also that it is frequently associated
with the presence of a genetic element, which we have designated
GRINS (genetic repeats of intense nucleotide skew). Computational
analysis suggests that the presence of GRINS may promote late-
stage structural diversification of polyketide antibiotics. Our work
sets the stage for further investigation of the underlying molecular
mechanisms and evolutionary roles of these genetic elements.
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Fig. 1. Gene conversion in assembly-line PKSs. (A) Typical architecture of an assembly-line PKS, exemplified by closely related angolamycin synthase (ANGS)
and tylactone synthase (TYLS), which contain the same set of biosynthetic domains and produce the same polyketide, tylactone. Domains: KS, ketosynthase;
KS®, decarboxylative ketosynthase; AT, acyltransferase; DH, dehydratase; DHt, inactive dehydratase; ER, enoyl-reductase; KR, ketoreductase; KR°,
ketoreductase-inactive epimerase; ACP, acyl carrier protein; TE, thioesterase. (B) Phylogenetic tree of protein sequences of angolamycin and tylactone syn-
thase modules. Some orthologous modules clade together, as is expected for closely related PKSs that only recently diverged from a common ancestor
through point mutations. However, in many cases paralogous modules clade more closely together, which can be explained by gene conversion between these
modules. Sequence alignment performed using ClustalOmega (10); phylogenetic tree constructed using RAXML (30). (C) Gene conversion is a process in which a
DNA sequence is nonreciprocally transferred from one homologous region to another and was implicated in the evolution of assembly-line PKSs (6, 7).

is among assembly-line PKS genes, we selected 203 assembly-line
PKSs that synthesize polyketides of known chemical structure and
searched their encoding DNA for regions of unusually high
(>80%) sequence identity to another region within the same PKS
gene cluster. Almost all of these PKS gene clusters (93%) con-
tained such regions, mostly 0.3 to 1.4 kb in size (SI Appendix, Table
S1). Notably, these regions of high DNA sequence identity are
often significantly longer than the stretches of DNA encoding the
most highly conserved regions of PKS protein domains. For ex-
ample, conserved regions of ketosynthase (KS) domains (>80%
DNA sequence identity) are on average only 0.4 kb long. The
duplicated regions that we detected often span entire domains,
suggesting that gene conversion rather than protein sequence
conservation is responsible for the high degree of sequence iden-
tity. A representative example of a PKS with duplicated regions is
the tylactone synthase from Streptomyces fradiae (Figs. 14 and 24).

Surprisingly, we observed that most duplicated regions have
extreme nucleotide composition, characterized by intense and highly
correlated GC and TA skews (Fig. 24). GC skew is a measure of
overabundance of G over C on the same DNA strand, while TA skew
is a measure of overabundance of T over A. In bacteria, GC and TA
skew values often show slight deviations from zero on the scale of the
chromosome: typically, the leading strand is slightly positively skewed,
and the lagging strand is slightly negatively skewed (8, 9).

The skews we observed in duplicated regions on assembly-line
PKSs are qualitatively different and have not been reported in
bacterial genomes so far. The fact that they are localized in
duplicated regions of assembly-line PKSs that have presumably
undergone gene conversion most likely reflects their biological
relevance. We designate these genetic elements “GRINS”: genetic
repeats of intense nucleotide skews. Even though most duplicated
regions in PKS clusters have intense and highly correlated skews,
not all of them do. We define GRINS as long (>500 bp) dupli-
cated regions (>80% DNA sequence identity to another region

20f8 | PNAS
https:/doi.org/10.1073/pnas.2100751118

within the same PKS) of intense nucleotide skews (means of ab-
solute GC and TA skew values within the region >0.15).
According to this definition, 64% of the 203 selected PKS clusters
contain one or more GRINS (SI Appendix, Table S1).

Absolute GC and TA skew values in GRINS regions are more
intense than non-GRINS regions within the same assembly-line
PKS (P < 0.0001; Fig. 2B). Skews in GRINS often change
abruptly and are correlated: A 150-nt window with a more in-
tense GC skew usually has a more intense TA skew (Pearson r =
0.70, P < 0.0001); such correlation is not observed in non-
GRINS regions (Pearson r = 0.09, P < 0.0001). Whereas GC
and TA skews are positively correlated in most GRINS, anti-
correlation was also observed (Fig. 2C). Skew values tend to vary
quite abruptly; for example, a 150-nt region of the acyltransfer-
ase (AT) domain in module 2 of tylactone synthase is mostly
encoded by G+T, whereas a 150-nt region of the post-AT linker
in the same module is mostly encoded by C+A, even though
these two sequences lie within 1 kb of each other (Fig. 2D).

While the nucleotide composition of GRINS is unexpected
per se, it is all the more surprising that they encode functional
proteins. This unusual nucleotide composition of GRINS does not
appear to restrict the functionality of the encoded protein. In part,
this can be explained by the degeneracy of the genetic code: Both
the intensity and the correlation of nucleotide skews are most
marked in third codon positions, where most mutations are silent
(SI Appendix, Fig. S2 A and B). Nonetheless, GRINS have a no-
ticeable effect on the amino acid composition of PKSs; for example,
amino acids encoded by GGN (Gly), GTN (Val), TGY (Cys), and
TGG (Trp) are highly enriched in positively GC- and TA-skewed
regions and depleted in negatively skewed regions, whereas amino
acids encoded by CCN (Pro), ACN (Thr), CAY (His), and CAR
(Gln) follow the opposite trend (SI Appendix, Fig. S2 C and D).
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150 nt sequence from
TYLS Module 2 AT domain

G CCCTGGTCAGGGGACGCAGTGGGTG
GGGATGGGTGCGGGGCTGCTGGGGTCTTCG
GAGGTG GCGGCGTCGATGCGGGAGTG
GCGCGGGCGCTGAGTGTTCATGTGGAGTGG
GA' GCTGGAGGTGGTGTCGGGCGGGGCC

150 nt sequence from
TYLS Module 2 post-AT linker

CAGGACGACAGCCCGCACCGCCTGCTGACC
CCACCGCCGAGGCCTGGGCCCACGGCGCC
ACCCTCACCTGGGACCCCGCCCTGCCCCCA
GGTCACCTCACCACCCTCCCCACCTACCCC
CAACCACCACCACTACTGGGCCGTGACA

150 nt sequence from
TYLS Module 2 KR domain

GCGGCCGGGGTGCTCGACGACGGCACACTC
GACGCGCTGACCCCGGAACGGATCGGTACC
GTCATGCGGCCGAAGGCGGACGCGGCGCTG
AACCTGCACGAACTGACCCGGACCAGCCCG
CTGTCGGTGTTCGCGGTCTTCTCGGGCGC

150 nt sequence from
non-coding region of TYLS cluster

CGTTGGTGTTGGGTGATGAGGTACCGGATC
AGCACCATGCCCCGCCCCTCG
CCGCGCGGGACCACCCGTTCG
GCGACCGCGCTGGCGCGCCGCCGTGGACCG
GGCCGTAACTCCCCTGCGCCATCGAATAC

GC skew +0.50 GC skew -0.44 GC skew +0.01 GC skew -0.04
TA skew +0.51 TAskew -0.24 TA skew -0.02 TA skew -0.09
GC% 67% GC% 72% GC% 71% GC% 69%

Fig. 2. GRINS in assembly-line PKSs. (A) Tylactone synthase (TYLS) is a representative example of an assembly-line PKS containing GRINS. The GC and TA
skews as well as the maximum sequence similarity to another window in tylactone synthase were calculated for a sliding window of 150 nt with a step of 30
nt. Duplicated regions were identified by high sequence similarity (black line) and are shaded. Several regions also have intense and correlated nucleotide
skews (red and blue lines) and therefore are annotated as GRINS (shaded in green). (B) Absolute GC and TA skew values in GRINS and non-GRINS regions of
203 known assembly-line PKS clusters. ****Significant difference (t test, P < 0.0001). Values were calculated for a sliding window of 150 nt with a step of 30 nt
along the PKS cluster. (C) Distribution of Pearson correlation coefficients between GC and TA skews in GRINS regions of 203 known assembly-line PKSs. (D)
Two representative GRINS sequences and two representative non-GRINS sequences from tylactone synthase gene cluster and their nucleotide content.

Potential Functional Implications of GRINS. An illustrative example
of the functional implications of GRINS can be found through
sequence comparisons between tylactone synthase and six homol-
ogous assembly-line PKSs synthesizing closely related 16-membered
lactones that comprise the macrocyclic cores of antibacterial agents
with similar mechanisms of action (Fig. 34 and SI Appendix, Fig.
S3). These octamodular PKSs share overall pairwise protein se-
quence similarity >60% [ClustalOmega alignment (10)], clearly
indicative of common ancestry. However, each PKS harbors one or
more unique GRINS (each labeled in a different color in Fig. 34
and SI Appendix, Fig. S3). Tylactone and angolamycin synthases
have five copies of one GRINS each, while the mycinamicin syn-
thase has four GRINS copies, which not only differ from tylactone
and angolamycin GRINS by sequence but are also located in a
different set of modules. The chalcomycin, niddamycin, mid-
ecamycin, and spiramycin PKS gene clusters have two types of
GRINS each. While GRINS copies within a PKS are almost
identical (75 to 95% DNA identity), they show only modest (45 to
75%) DNA sequence identity between homologous PKSs. Such
differences in DNA sequence identity suggest that GRINS are
products of relatively recent evolutionary activity in each PKS. The
only exceptions are midecamycin and spiramycin synthases, where
GRINS are very similar not only within but also between PKSs (40
to 90% DNA identity). It is possible that these two closely related
PKSs (89% protein similarity) shared most GRINS before diver-
gence, and later three additional GRINS copies appeared in M4,
MS5, and M6 of the midecamycin PKS gene cluster.

Each of the seven homologous PKSs harbors a set of GRINS
spanning the DNA encoding the ketosynthase—acyltransferase (KS-
AT) fragment or portions thereof (Fig. 34). AT domains with the
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same extender unit specificity are thought to originate from a com-
mon ancestor, in part because they comprise distinct malonyl- and
methylmalonyl-specific clades in the phylogenetic tree (11, 12)
(Fig. 3B). (The methylmalonyl-specific clade also contains AT
domains specific to more atypical extender units such as ethyl-
malonyl and methoxymalonyl substrates.) This implies that changes
in AT specificity between closely related PKSs must either be due
to recombination and/or gene conversion, rather than point mu-
tations. Gene conversion has previously been implicated in the
evolution of extender unit specificity of AT domains (6). Analysis
of the DNA encoding AT domains from these seven macrolide
synthases reveals the presence of GRINS in every AT domain with
divergent extender unit specificity (Fig. 34). For example, in five
PKSs where AT domains of module 5 (M5) do not harbor GRINS
these ATs have specificity for ethylmalonyl-CoA—derived extender
units. However, M5 AT domains in mycinamicin and chalcomycin
synthases are encoded by GRINS and are specific for
methylmalonyl-CoA, thus replacing an ethyl substituent by a
methyl at the corresponding skeletal carbon atoms of mycinolide
and chalcolactone, respectively (Fig. 3 4 and B). In the mycina-
micin synthase, the AT domain of M5 is encoded by a GRINS that
is present in four almost identical copies within this PKS and leads
to the incorporation of a methylmalonyl-CoA-derived extender
unit by each of these modules (purple in Fig. 34). Similarly, four
almost identical copies of a GRINS are present in chalcomycin
synthase and lead to the incorporation of a methylmalonyl-
CoA-—derived extender unit by the four corresponding modules
(M1, M4, M5, and M6, light blue in Fig. 34). In addition, chal-
comycin synthase harbors another set of GRINS which result in the
incorporation of a malonyl-CoA-derived extender unit by LM and
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M2 (dark blue in Fig. 34). Surprisingly, phylogenetic reconstruc-
tion places these malonyl-specific AT domains of chalcomycin
synthase in the middle of a methylmalonyl-specific AT clade, ad-
jacent to the four methylmalonyl-specific AT domains of chalco-
mycin synthase (Fig. 3B, red). The DNA sequences of the AT
domains of chalcomycin synthase are very similar not only within
each set of GRINS (92 to 97% DNA identity in the set of four
GRINS; 98% DNA identity in the set of two GRINS) but also
between the two sets (80 to 81% DNA identity). This may be in-
dicative of ongoing gene conversion between the two sets of
GRINS in chalcomycin synthase, which is gradually increasing the
sequence similarity of the AT domains of LM and M2 with those
of M1, M4, M5, and M6. It is possible that if this process
continues the specificity of the AT domains of LM and M2 will
be altered, leading to the biosynthesis of a chemically distinct
16-membered macrolactone.
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GRINS also appear in ketoreductase (KR), dehydratase (DH),
and enoyl reductase (ER) domains, which reduce the growing
polyketide chain. For example, in the family of homologous
assembly-line PKSs that synthesize the antihelminthic macrolides
milbemycin, avermectin, and nemadectin, differentially reduced
positions of the polyketide backbones can be traced back to
GRINS located in the reductive loops of corresponding modules
(SI Appendix, Fig. S4). These chemical differences significantly
affect the biological activity of the resulting compounds, high-
lighting the importance of GRINS from the perspective of struc-
ture/activity evolution within this family of natural products.

The distinct correlation between GRINS locations in PKS genes
and differences in polyketide molecules suggests that GRINS
might cause the structural diversification of these molecules. By
changing the substrate specificity of AT domains or the compo-
sition of reductive loops, gene conversion of GRINS could be
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accelerating the divergence of biosynthesized polyketides between
closely related PKSs.

Tracing Evolutionary Lineage through GRINS. The distribution of
GRINS in closely related assembly-line PKSs presents an op-
portunity to attempt tracing their evolutionary lineage. For ex-
ample, orthologous AT domains of the PKSs shown in Fig. 3 that
do not harbor GRINS are the most likely to resemble their
common ancestor. By comparing the specificity of AT domains
lacking GRINS it is possible to reconstruct the most likely bio-
synthetic product of the ancestral octamodular PKS (Fig. 3C).
However, this approach does not allow us to infer the ancestral
specificity of the extender unit incorporated by module 1, because
each PKS harbors a GRINS in the AT domain of this module.
Compared to the hypothesized ancestral PKS, all present-day
16-membered macrolide synthases have functionally diverged in
at least one domain. We hypothesize the evolutionary benefit of
gene conversion stems in part from its ability to simultaneously
introduce more than one functionally relevant change in a PKS.

Distribution of GRINS among Assembly-Line PKSs. By 2018, the se-
quences deposited into the NCBI database included 3,551 non-
redundant assembly-line PKSs (2). Only 10% of these PKSs are
functionally characterized, while the remaining PKSs are “orphan”
in that their biosynthetic products are unknown. Approximately
half of these orphan PKSs are homologous (>50% sequence
similarity) to at least one known PKS. We reasoned that by
searching this catalog for PKSs containing GRINS insights could
be derived into the prevalence of GRINS and their role in PKS
diversification.

We observed GRINS in 37% of assembly-line PKSs. Based on
module architecture, assembly-line PKSs are separated into cis-
AT PKSs (where the AT domain is covalently fused to the KS
domain) and trans-AT PKSs (where the AT domain is expressed
as a stand-alone protein). GRINS are far more common in cis-
AT PKSs than in trans-AT PKSs (Fig. 44); this is consistent with
at least two aspects of our mechanistic and structural under-
standing of cis-AT vs. trans-AT PKSs. First, all modules of a
trans-AT PKS are usually serviced by one copy of a malonyl-CoA
specific AT domain (13), which prevents gene conversion between
ATs and eliminates any benefit from such exchanges. Second, KS
domains of trans-AT PKSs typically show higher specificity for
their growing polyketide substrates (14), implying that small
structural changes provided by GRINS would be less tolerated.

PKSs often collaborate with another family of assembly-line
enzymes: nonribosomal polypeptide synthetases (NRPSs). Pre-
dictably, GRINS are more common in PKS-NRPS hybrids with
cis-AT PKSs than in hybrids with trans-AT PKSs (Fig. 44). When
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GRINS were detected in such hybrid clusters they were most
commonly found in DNA encoding PKS modules, although
some GRINS elements were also observed in DNA encoding
NRPS modules.

GRINS are also nonhomogeneously distributed among assembly-
line PKSs from different bacterial phyla: They are common in
actinobacteria, less so in cyanobacteria and firmicutes, and rare in
bacteroidetes and proteobacteria (Fig. 4B). In part, it could be due
to the fact that cis-AT PKSs are widespread in actinobacteria and
cyanobacteria, while trans-AT PKSs are typically found in firmicutes
and bacteroidetes (2). However, it does not explain the low abun-
dance of GRINS in proteobacteria, both in cis- and trans-AT PKSs.
It is possible that other factors contribute to the heterogeneous
distribution of GRINS among bacterial phyla, such as the niches
they inhabit and the biological activity of molecules they produce.
For instance, GRINS may provide a greater evolutionary advantage
to PKSs that produce antibiotics than to those producing pigments.

Last, but not least, we also detected GRINS in assembly-line
PKSs of amoeba and choanoflagellates. The evolutionary his-
tory of eukaryotic assembly-line PKSs is unclear. While it is
possible that these PKSs (along with their GRINS) were ac-
quired from a bacterium, the fact that relatively intense skews
persist even in third-codon positions of these PKSs suggests that
the mechanisms responsible for their maintenance could be pre-
sent in eukaryotic genomes.

Distribution of GRINS among Assembly-Line PKS Domains. GRINS
occur in virtually all domains that comprise PKS modules (Fig. 4C),
including docking domains, methyltransferases, beta-branching
ACP domains, and others (SI Appendix, Table S5). Consistent
with their possible role in accelerating the appearance of small
adjustments to the chemical structure of the product, GRINS are
most common in AT domains overlapping ~20% of all AT do-
mains in assembly-line PKSs. GRINS could also potentially
change the reduction level of the backbone, which is consistent
with their distribution in the avermectin synthase and backed up
by their relatively frequent occurrence in DH, ER, and KR do-
mains. The functional implications of GRINS in 11% KS and 5%
ACP domains are less clear. It is known that KS domains show a
certain degree of specificity for their upstream and downstream
ACPs, as well as for the incoming polyketide chain. Gene con-
version of KS and ACP would change their specificity for partner
domains, thereby promoting changes to the product structure. An
example of structural diversification through recombination of KS
and upstream ACP domains was described in four homologous
PKSs that biosynthesize large aminopolyols (15). Our analysis of
these PKSs revealed numerous GRINS (SI Appendix, Table S1),
suggesting that GRINS occurring in KS and ACP domains may

C

9

. PKS domain GRINS
Cyanobacteria
15% Acyltransferase (AT) 20%
. Dehydratase (DH) 16%
- Ketosynthase (KS) 11%
Firmicutes Enoyl-reductase (ER) 10%

70/6 Ketoreductase (KR) 8%

Bacteroidetes Acyl carrier protein (ACP) 5%

N-terminal docking 7%
mm Clusters ) .
with GRINS  C-terminal docking 2%
mm Clusters
without GRINS

Fig. 4. Distribution of GRINS in 3,551 assembly-line PKS clusters. (A) Distribution of GRINS among different cluster types. (B) Distribution of GRINS in clusters
from different taxons. (C) Distribution of GRINS among different PKS domains.
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play a role in the structural diversification of their polyketide
products.

Phylogenetic Distribution of GRINS. Up to this point our analysis
focused on assembly-line PKSs. However, these sequences are
not representative of bacterial diversity. In order to limit ascer-
tainment bias and to get a more accurate view of GRINS in
bacterial evolution, we analyzed 803 high-quality and nonredun-
dant Streptomyces genomes. For each genome we predicted both
GRINS and biosynthetic gene clusters (Materials and Methods).
We found that most (95%) Streptomyces species harbor at least
one GRINS element and that most of those genomes (80%)
harbor at least one GRINS overlapping a biosynthetic gene cluster
(Fig. 54). In order to determine if this prevalence is evolutionarily
meaningful, we also predicted GRINS and biosynthetic gene
clusters in 300 high-quality genomes each representing a unique
bacterial genus, evenly split among five different bacterial phyla
(Materials and Methods and SI Appendix, Table S6). In this diverse
group of bacteria we found a lower proportion of genomes har-
boring GRINS (53 to 90%) when compared with Streptomyces.
Even when GRINS are present, a smaller proportion of them
overlap with biosynthetic gene clusters (6 to 42%; Fig. 5 B and C).
Finally, we tested for an enrichment of GRINS within biosynthetic
gene clusters by comparing the fraction of each genome that en-
codes such clusters with the fraction of GRINS that overlap with
the same clusters in each genome. We found that an average of
12% genomic content in each Strepfomyces encodes biosynthetic
gene clusters and that these cluster overlap 40% of GRINS, im-
plicating a highly significant 3.28-fold enrichment (P = 2.8e-80,
two-sided Wilcoxon rank sum test). Among the genomes in the
five phyla tested, only actinobacteria showed some level of en-
richment (1.66-fold), but it was not significant (P = 0.17). The

other four phyla all had a significant depletion (P < 0.05) of
GRINS among biosynthetic gene clusters.

We also searched for overrepresentation of GRINS among
other types of genes. We found that GRINS occur frequently in
genes involved in replication, recombination, and repair. Trans-
posases were the most commonly represented in four of the five
phyla. Notably, 77% of cyanobacterial GRINS overlapped with a
transposase (SI Appendix, Fig. S7), which presumably explains why
GRINS are rare in cyanobacterial biosynthetic gene clusters despite
these organisms having the highest average number of such clusters
(Fig. 5B). Other mobile genetic elements such as integrases and
phages were also represented with no significant differences be-
tween phyla (SI Appendix, Fig. S7). Finally, endonucleases over-
lapped with 15% of actinobacterial GRINS and were practically
absent among GRINS from other taxa (SI Appendix, Fig. S7).

Taken together, these results imply that, while GRINS ele-
ments are widely distributed across bacterial lineages, their as-
sociation with biosynthetic gene clusters is highly specific for the
Streptomyces genus. As such, their role in PKS evolution might be
particularly relevant within this lineage. Streptomyces have linear
and relatively unstable chromosomes, which undergo frequent
deletions and other recombination events (16). In addition, they
lack homologs of the RecBCD or RecFOR pathways, instead
relying on the less conventional AdnAB pathway for homologous
recombination (17, 18). The resolution of Holliday junctions
formed during recombination relies not only on the activity of
RuvA and RuvG homologs but also on the yet-unknown alternative
factors (19). Considering these unusual features of Streptomyces, we
hypothesized that proteins involved in replication, recombination,
or repair could be responsible for the high number of GRINS el-
ements within this genus. To test this hypothesis, we performed
phylogenetic profiling to detect gene copy number or amino acid
sequence variants that associate with GRINS number, while
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Fig. 5. GRINS in bacterial genomes. (A) Distribution of GRINS in 803 Streptomyces high-quality nonredundant genomes. (Upper) Each bar/sliver is a genome;
the dark bars show the number of detected GRINS in the corresponding genome. (Lower) The fraction of GRINS that overlap with biosynthetic gene clusters
(red) versus those that do not overlap with such clusters (blue). Genomes without GRINS appear gray in this plot. (B) Distribution of GRINS among 300
bacterial genera from five phyla. The plot is similar to A, Lower, but each genome represents a unique genus from the corresponding phylum. (C)
Streptomyces-specific enrichment of GRINS in biosynthetic gene clusters. Each point is a genome, and color indicates the taxonomic group of each genome.
Only for Streptomyces bacteria does the number of GRINS in biosynthetic gene clusters (y axis) increase with the number of GRINS in a genome (x axis).
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controlling for phylogenetic relationships and genome quality
(Materials and Methods). We found that a number of orthologous
groups were quantitatively associated with the number of
GRINS in Streptomyces genomes. Most notably, the RuvA
helicase gene (OG:05KA4 in the eggNOG database) is negatively
associated with GRINS number (S Appendix, Fig. S84). RuvA is
known to bind Holliday junctions formed during DNA recombi-
nation and to promote branch migration of these junctions, which
in turn can lead to gene conversion (20). Further analysis of the
ruvA gene revealed that two sequence variants among identifiable
RuvA orthologs are also strongly associated with differences in
GRINS number (SI Appendix, Fig. S8 B and C). More work is
needed to confirm if these sequence differences are indeed di-
rectly responsible for observed differences in distributions fre-
quency, but our associations suggest that GRINS in Strepfomyces
are the product of complex pathways.

Discussion

GRINS are an unprecedented example of genetic elements that
recode homologous proteins with a biased nucleotide composi-
tion. This process of gene conversion presumably facilitates evolu-
tion of the target proteins. Even though the underlying mechanisms
of the origin and persistence of GRINS remain unknown, our ob-
servations have led us to formulate certain hypotheses.

First, because of the wide distribution of GRINS among bacte-
rial phyla and their presence in eukaryotes, the mechanisms in-
volved in generating nucleotide skews must be relatively ubiquitous.
It is possible that they involve multifactorial processes resulting in
replication strand bias, such as cytosine deamination on the single-
stranded DNA of the lagging strand (21). However, they do not
explain why both intense positive and negative skews are observed
on the same strand within GRINS elements. Mechanisms to ac-
count for the high intensity GC and TA skews observed in GRINS
include, for example, error-prone replication due to the presence of
tautomeric bases within the DNA (Fig. 64). There is growing ev-
idence that tautomeric bases exist in nucleic acids (22). Because G
and T undergo keto/enol tautomerism whereas C and A undergo
amino/imino tautomerism, the ability of an error-prone polymerase
to stabilize one type of isomer or another could explain the strong
association of GC and TA skews.

Second, we propose that a skew in the DNA encoding all or
part of one PKS module leads to recoding of a neighboring
homolog at a higher frequency (Fig. 6B). Sequences with a high
G+C bias are known to recombine more frequently. We hy-
pothesize that additional nucleotide composition bias would

make them more likely to undergo gene conversion due to their
decreased sequence complexity, thereby giving rise to GRINS.

Third, we expect that present-day GRINS are active elements
that are observed at different stages of a “life cycle” that involves
accumulation of nucleotide skews, propagation through gene
conversion, and erosion of sequence identity through random
mutation. Examples shown in Fig. 3 most likely correspond to
GRINS around the peak of their activity: High sequence similarity
between GRINS copies suggests relatively recent gene conversion
or strong purifying selection. However, we also observed regions of
intense nucleotide skews present in only one copy, which could
represent either an initial substrate for further gene conversion or
an ancient GRINS element that is in the process of being lost. In
many PKSs, GRINS sequences are highly similar but not identical,
most likely because the skews are counterbalanced by both natural
selection and mutation. Further understanding of the mechanisms
involved in GRINS appearance, dissemination, and dissipation will
provide more insight into the dynamics of these genetic elements.

It is also possible that a better understanding of GRINS chem-
ical biology could spawn new methods for engineering PKSs. For
example, in the course of targeted domain replacement efforts in
the rapamycin and tylosin gene clusters Wlodek et al. identified
unanticipated recombinants that produced new molecules, often at
high titers (23). Our bioinformatic analysis indicates that all of the
reported recombination events occurred between GRINS ele-
ments, highlighting the potential of deliberately leveraging GRINS
for engineering other assembly-line PKSs to yield diverse “unnat-
ural” natural products.

Materials and Methods

GRINS Detection in PKS Clusters. The list of 203 known assembly-line PKS gene
clusters was compiled by choosing PKSs for which sequence is available in
the NCBI database, the polyketide product is known, and a biosynthetic
mechanism has been proposed in the literature (S/ Appendix, Table S1).
Among these, the list and sequences of known trans-AT PKS clusters was
kindly provided by E. J. Helfrich as reported in ref. 24. The list of 3,551
nonredundant assembly-line PKSs was reported previously in ref. 2.

First, we identified regions of high sequence identity in each PKS gene
cluster. The DNA sequence was split into 150-nt-long fragments using a
sliding window with a step of 30 nt. Pairwise alignments between all non-
overlapping 150-nt-long regions were performed using the Biopython
pairwise2 module, and for each region the highest score of DNA sequence
identity was kept. Regions of high sequence identity were defined as >500-
bp regions in which the average DNA sequence identity over five adjacent
windows is above 80%. Next, among these regions we identified GRINS as
those that have mean absolute GC and TA skew intensities >0.15. All scripts
are available at https:/github.com/surh/grins.
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Fig. 6. Possible mechanistic origins of GRINS. (A) Nucleotide skews in GRINS could be generated through nucleobase tautomerism. Error-prone replication of
minor tautomeric forms of G and T could result in C—T or A—G transitions in the daughter strand followed by appearance of correlated GC and TA skews
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Genome Selection. For Streptomyces species, all genomes published in the
NCBI database as of February 2020 were downloaded and submitted to CheckM
(25). Only genomes predicted to be >95% complete, <5% contaminated, and
assigned to the Streptomycetaceae family by CheckM were kept. These genomes
were dereplicated by calculating their genomic average nucleotide identity
(gANI) via FastANI (26) and clustered at 95% gANI. From each resulting cluster, a
random representative was chosen, resulting in 803 genomes. For the analysis of
the bacterial phyla Actinobacteria, Bacteroidetes, Cyanobacteria, Firmicutes, and
Proteobacteria, representative genomes from Escherichia coli, Haemophilus
influenzae, Pseudomonas aeruginosa, Mycobacterium tuberculosis, Mycobacte-
rium leprae, and Synechocystis spp. were manually chosen, and the list of all
RefSeq genomes from the phyla above was downloaded. This list was used to
generate a random list of 70 additional RefSeq genomes from each phylum,
ensuring that only one representative of any given genus was chosen. The se-
lected 350 genomes were downloaded and processed with CheckM. Genomes
with less than 95% completeness or more than 5% contamination were dis-
carded. Of the remaining genomes, we randomly down-sampled to 60 genomes
per phylum, ensuring the presence of the six manually selected genomes,
resulting in a final set of 300 genomes (S/ Appendix, Table S6).

GRINS Detection in Genomes. \We developed a pipeline to detect GRINS from
assembled genomes. Briefly, the pipeline first partitions each genome into
partially overlapping 150-bp windows with a step size of 30 bp. Then,
BOWTIE2 (27) is used to map each window back to the genome using global
(~end-to-end) and sensitive (sensitive) alignment. Similar results were obtained
with -very-sensitive and local alignments. After removing self-alignments, du-
plicated regions were identified and filtered by size, keeping only duplicated
regions >500 bp. Next, among these regions we identified GRINS as those that
have mean absolute GC and TA skew intensities >0.15. All scripts are available
at https://github.com/surh/grins.

Genome Annotations. In order to consistently identify biosynthetic gene
clusters and other gene families, each assembled genome was annotated
from scratch. First, antiSMASH5.0 (28) was run on each genome to detect
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biosynthetic gene clusters. We used Prodigal through antiSMASH (-genefinding-
tool prodigal) in order to obtain CDS predictions, and we annotated all the
resulting CDS sequences with the eggNOG mapper utility from the eggNOG4.5
database (29). All scripts are available at https:/github.com/surh/grins.

Phylogenetic Profiling. We took a linear modeling approach to detect asso-
ciations between orthologous group (OG) copy number and number of GRINS
per genome. We used the results from the eggNOG annotation to assign each
CDS in the 803 Streptomyces genomes to its most likely orthologous group
(bestOG). We then performed principal component analysis in the copy
number matrix derived from these annotations. We included the 10 top
principal components in a linear model that associated the log copy number
as a predictor variable and the log number of GRINS as a dependent vari-
able. We also included covariates for genome size and number of contigs
in the assembled genomes (log(n_grins) ~ log(OG copy number) + PCs +
genome_size + n_contigs). The resulting P values were adjusted for multiple
testing with the Benjamini-Hochberg method. Finally, for selected genes
(e.g., RuvA; SI Appendix, Fig. S8) we generated multiple sequence align-
ments of all genes in the orthologous group (i.e., including paralogues and
orthologs). We then performed phylogenetic reconstruction via RAXML (30)
and removed paralogues by eliminating the multicopy genes that had the
most substitutions within each genome. With the resulting list of orthologs
we reused our phylogenetic profiling linear model (with the same control-
ling covariates) but using every variable site as predictor variable. All scripts
are available at https://github.com/surh/grins.

Data Availability. All scripts are available in GitHub at https:/github.com/surh/
grins. All sequence data are publicly available, and accessions are listed in
SI Appendix.
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