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Abstract 

Background To what degree a string of symbols can be compressed reveals important details about its complexity. 
For instance, strings that are not compressible are random and carry a low information potential while the opposite 
is true for highly compressible strings. We explore to what extent microbial genomes are amenable to compression 
as they vary considerably both with respect to size and base composition. For instance, microbial genome sizes vary 
from less than 100,000 base pairs in symbionts to more than 10 million in soil‑dwellers. Genomic base composi‑
tion, often summarized as genomic AT or GC content due to the similar frequencies of adenine and thymine on one 
hand and cytosine and guanine on the other, also vary substantially; the most extreme microbes can have genomes 
with AT content below 25% or above 85% AT. Base composition determines the frequency of DNA words, consisting 
of multiple nucleotides or oligonucleotides, and may therefore also influence compressibility. Using 4,713 RefSeq 
genomes, we examined the association between compressibility, using both a DNA based‑ (MBGC) and a general 
purpose (ZPAQ) compression algorithm, and genome size, AT content as well as genomic oligonucleotide usage vari‑
ance (OUV) using generalized additive models.

Results We find that genome size (p < 0.001) and OUV (p < 0.001) are both strongly associated with genome redun‑
dancy for both type of file compressors. The DNA‑based MBGC compressor managed to improve compression 
with approximately 3% on average with respect to ZPAQ. Moreover, MBGC detected a significant (p < 0.001) compres‑
sion ratio difference between AT poor and AT rich genomes which was not detected with ZPAQ.

Conclusion As lack of compressibility is equivalent to randomness, our findings suggest that smaller and AT rich 
genomes may have accumulated more random mutations on average than larger and AT poor genomes which, 
in turn, were significantly more redundant. Moreover, we find that OUV is a strong proxy for genome compressibility 
in microbial genomes. The ZPAQ compressor was found to agree with the MBGC compressor, albeit with a poorer 
performance, except for the compressibility of AT‑rich and AT‑poor/GC‑rich genomes.
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1  Background
Microbial genomes vary substantially with regard to 
genome size and base composition [1]. Due to Char-
gaff’s parity rules [2], base composition in microbes can 
be summarized as the percentage % of (A)denine% + (T)
hymine% (%AT), due to their similar frequencies. Alter-
natively, it can be summarized as 100%—(%AT) = (G)
uanine% + (C)ytosine% (%GC). In general, genomic %AT 
(AT) is negatively associated with genome size [3, 4]. 
Within microbial species, however, genomic AT has been 
found to increase with genome size [5]. While free-living 
and soil dwelling microbes tend to have larger genomes 
with less AT (GC rich) [6], intracellular symbionts [7], 
and to a lesser extent pathogens [8], have smaller, AT rich 
genomes due to reductive evolution [9]. A negative asso-
ciation has also been found between genomic AT con-
tent and oligonucleotide frequencies, sometimes referred 
to as oligonucleotide usage variance (OUV) [10–12], 
i.e., genome-wide frequencies of “DNA words” consist-
ing of a fixed number of nucleotides (usually 3 (codons) 
[13] or 4 (tetranucleotides)) [11]. This means that the 
frequency of genomic DNA words is more associated 
with base composition the more AT rich the bacterial 
genomes are [14]. Here, OUV is the averaged sum of the 
squared differences between all possible genomic tetra-
nucleotide frequencies subtracted by their corresponding 
expected tetranucleotide frequencies. As such, OUV lit-
erarily describes the variance of genomic tetranucleotide 
frequencies. The expected tetranucleotide frequencies 
are estimated by the respective tetranucleotide word’s 
individual genomic nucleotide frequencies. That is, if 
f(AGCT) represents the genomic frequencies of the tetra-
nucleotide word “AGCT,” then the estimated expected 
frequency of the word “AGCT” will be f(A)f(G)f(C)f(T). 
OUV thus represents the average squared difference, or 
variance, taken over the frequencies of all  44 = 256 possi-
ble combinations of tetranucleotide words subtracted by 
the expected occurrence of the corresponding tetranucle-
otide, e.g., (f(AGCT) – f(A)f(G)f(C)f(T))2 [12]. Genomes 
with biased tetranucleotide frequencies, for one reason 
or another, will have higher OUV as some DNA words 
will differ greatly from what is expected from the base 
composition (i.e., AT/GC content) alone. High OUV will 
thus likely represent genomes having been subjected to 
strong selective pressures, either positive or negative [15]. 
Organisms with low OUV, i.e., oligonucleotides that are 
more predictable from genomic base composition, have 
been subjected to more relaxed selective pressures [15]. 
It has been shown that AT rich genomes tend to consist 
of oligonucleotides that have more similar frequencies to 
that of the product of the corresponding single nucleo-
tide frequencies and thus tend to have lower OUV than 
AT poor microbes [11]. AT poor (sometimes referred 

to as GC rich) microbes, on the other hand, often have 
more selective tetranucleotide word usage than AT rich 
ones resulting in higher OUV [15]. These discrepancies 
between AT rich and AT poor genomes, with respect to 
genome-wide tetranucleotide word frequencies, have 
been linked to selective pressures [11]; AT rich genomes 
appear historically to have been subjected less to selec-
tive pressures than AT poor genomes [16, 17]. For micro-
bial symbionts, which are often AT rich, this might be, 
to some extent, explained by easier access to metabolites 
from the host [18] and/or lower effective population size 
[19]. It is also anticipated that genomes being subjected 
to relaxed selective pressures, such as symbionts, may 
accumulate genome-wide mutations to a larger degree 
than organisms subjected to strong selective pressures 
[7]. Accumulation of genome-wide random mutations is 
therefore assumed to result in tetranucleotide word fre-
quencies more in line with AT/GC content [12].

As mentioned above, AT rich genomes have often 
been found to be more associated with symbiotic and 
pathogenic microbes with the latter having slightly larger 
genomes [8]. AT poor genomes are often found in envi-
ronments outside of the host [13]. Since genomic AT 
content correlates negatively with nitrogen abundance 
[20], many microbial species with AT poor genomes are 
often found in soil [13]. Hence, it is assumed that OUV 
differences are reflective of the selective pressures medi-
ated by the respective environments [12]. Non-host envi-
ronments are likely challenging requiring a diverse set of 
genes for utilizing different types of nutrients for survival. 
Stronger selective pressures, in particular purifying selec-
tion and/or frequent bottleneck events, may therefore 
favor species that are more competitive with the ability 
to survive in diverse and dynamic environments. Under 
such circumstances, there could be a strong selection 
for more specific DNA patterns resulting in more biased 
genome-wide tetranucleotide word frequencies, reflected 
by higher OUV [21].

The extent to which a genome can be compressed 
may reveal important characteristics about its complex-
ity [22]. For instance, genomes that can be compressed 
carry a larger information potential than those that can-
not, which, in turn, are more random with a lower infor-
mation potential [23]. Genome-wide oligonucleotides 
are more easily compressed if they exhibit specific pat-
terns or some degree of systematic bias. Bias resulting 
from selection for specific genome-wide DNA patterns 
is reflected by higher OUV [21]. The genomes of such 
organisms could thus be easier to compress than organ-
isms with low OUV that do not show any genome-wide 
DNA patterns. In this sense, AT poor/GC rich genomes, 
with higher OUV, are expected to carry a higher informa-
tion potential than more AT-rich genomes.
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The most common general-purpose compression algo-
rithm (often referred to as LZ after the inventors Abra-
ham Lempel and Jacob Ziv [24]) attempts to reduce a 
string of data by searching for repeating patterns or sub-
strings and extending these as much as possible. Repeat-
ing substrings or patterns are then indexed, i.e., replaced 
by smaller symbols, thereby reducing string size. Finally, 
a dictionary containing the symbols representing spe-
cific sub-strings is added to the compressed file for use 
in decompression. If a string contains many different 
patterns that require symbols of varying size for rep-
resentation, the Huffman algorithm will make sure that 
the most frequent patterns, or sub-strings, are assigned 
progressively shorter representations [25]. The size of 
such representations therefore correlates negatively with 
occurrence frequency. Hence, strings consisting of many 
repetitive patterns are easier to compress than strings 
containing fewer such patterns [24]. Most modern gen-
eral-purpose compressors consist of several algorithms 
and steps to reduce the size of a string of data [26].

Recently, compression algorithms were introduced 
that take DNA specific properties into account [26]. In 
particular, the Multiple Bacterial Genome Compres-
sor (MBGC) considers DNA patterns and their reverse 
complements [27]. As such, MBGC achieves greater 
compression ratios for DNA-based strings  than other 
non-DNA based compressors.

In theoretical computer science, an equivalence rela-
tion has been established between compressibility and 
a definition of randomness [28]; the more random and 
unpredictable a string of letters (such as A, G, C and T) 
is, the harder it is to compress. A string consisting of a 
few substring patterns is therefore more difficult to com-
press. As such, by exploring the redundancy of micro-
bial genomes using AT content and OUV, a measure of 
genomic randomness is also attained.

Since AT content in microbial genomes is, in one way 
or another, associated with genome size and OUV, the 
purpose of this project was to examine whether this 
association could also be extended to genome sequence 
complexity as measured by compression rate. Hence, we 
wanted to explore if there is an association between AT, 
genome size and OUV on one hand and the compress-
ibility of the corresponding microbial  genome on the 
other. To test this hypothesis, 4713 microbial genomes, 
representing 1508 bacterial genera, were downloaded 
from the NCBI RefSeq database to minimize species- and 
strain-specific bias. These genomes were compressed 
using two different algorithms: ZPAQ, which is widely 
regarded as the best general purpose compression algo-
rithm [26], and MBGC, a recent compression algorithm 
specialized for microbial genomes [27]. The compression 
rates obtained from both these algorithms for the 4713 

RefSeq genomes were subsequently regressed on corre-
sponding genomic AT content, OUV, and genome size 
using a generalized additive model [29]. The models were 
also adjusted for taxonomic relatedness.

2  Results
A total of 4713 microbial genomes were compressed 
using both ZPAQ and MBGC algorithms [26, 27]. Com-
pression rate was calculated as genome size divided by 
compressed genome size (see Fig. 1).

A generalized additive mixed-effects regression model 
(GAMM) was fitted with ZPAQ compression ratio as 
the outcome and genomic AT content, genome (chro-
mosome) size, and OUV as predictors represented by 
splines, to compensate for putative non-linear trends, 
for all 4713 genomes (see Fig. 2). In addition, taxonomic 
genus was added as a random effect with respect to 
genome size, which was established by examining differ-
ences with respect to the Akaike Information Criterion 
(AIC) goodness-of-fit statistic between tested models 
(see Table 1 and Section 4 for details) [30, 31].

The GAMM model indicated that there was a posi-
tive association between ZPAQ compression ratio and 
the three smooths representing respectively genomic AT 
content (p < 0.001), genome size (p < 0.001), and OUV 
(p < 0.001). Both genomic AT content and genome size 
exhibited substantial non-linear trends, as measured 
using effective degrees of freedom (edf, edf > 1 indicates 
non-linearity), with respective edf = 6.3 and edf = 7.1. 
OUV, on the other hand, did not exhibit any non-linear 
trends (edf = 1) and was found to be positively associ-
ated with the ZPAQ compression rate. The AIC for this 
model (see also Table  1) was − 3082 as compared to 
AIC = − 2053 for the model with the same predictors but 
without the random slope effects (i.e., lower AIC is bet-
ter). The AIC for the null model (the outcome regressed 
on a constant) was − 725.

An additional GAMM model was fitted with the same 
predictors and random effects as for the ZPAQ compres-
sion model above but with the MBGC compression rate 
as the outcome instead (see Fig. 3). Again, both AT con-
tent and genome size were found significant (p < 0.001) 
with considerable non-linear splines: edf = 7.1 and 
edf = 7.5, respectively. For this model, non-linear trends 
were also observed for the smooth representing the OUV 
predictor (edf = 2.0). Once more, the model obtained a 
better AIC (− 2997, see Table 1) when a random slope of 
genome size with respect to genus was included in addi-
tion to the fixed effect predictors AT, genome size, and 
OUV. For the same model but without the random slope, 
AIC = − 1993 and AIC = 445 for the null model (only 
outcome). It can be seen from both Figs.  2 and 3 that 
while there is a clear positive association with respect to 
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genome size and OUV on one hand and for both ZPAQ 
and MBGC genome compression ratios on the other, the 
trend with regards to AT content is less clear due to the 
parabolic trend.

Considering the results obtained above, we wanted to 
explore the relationship between the two compression 
algorithms. Not only does Fig.  4 indicate that MBGC 
is, on average, better at compressing genomes than the 
ZPAQ algorithm but also that AT poor/GC rich genomes 
are considerably better compressed with the MBGC 
method. To assess the difference between the compres-
sion algorithms more formally, the GAMM model with 
MBGC as the outcome was refitted but now with the 
ZPAQ compression rate as an additional linear covari-
ate, leaving the rest of the model, as described above, 
unchanged. The model describes the compression rate 

Fig. 1 Genomic compression rate. A distribution plot based on the genomic compression rate (genome size/compressed genome size, horizontal 
axis) for 4713 RefSeq genomes based on both ZPAQ and MBGC compression algorithms

Fig. 2 ZPAQ compression rate regressed on genomic AT content, genome size, and OUV. The figure shows the predictors (horizontal axis): 
AT content (edf = 6.3, p < 0.001) (A), genome size (edf = 7.1, p < 0.001) (B), and OUV (edf = 1, p < 0.001) (C), from a GAMM regression model 
with ZPAQ‑based genomic compression rate as the outcome (vertical axis). Effective degrees of freedom (edf ) indicate degree of smooth 
non‑linearity for edf > 1. The model also included a random slope effect of genome size with respect to phylogeny (genus)

Table 1 AIC goodness‑of‑fit statistic for GAMM models

Model ZPAQ MBGC MBGC-ZPAQ

Full  − 3082  − 2997  − 21,157

No random effects  − 2053  − 1993  − 20,868

Null  − 725 445 445
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differences between the algorithms with regard to AT 
content, genome size, and OUV (see Fig.  5B–D). AIC 
improved considerably with – 21,157 for this model 
(AIC = − 20,878 without random effects; see also Table 1). 
Figure  5 shows an approximate linear relationship 
between the compression ratios of MBGC and ZPAQ 
(p < 0.001) and that there is a, largely negative, associa-
tion between the MBGC compression rate and AT con-
tent (p < 0.001), suggesting that compression of AT poor 
genomes is visibly improved with the MBGC algorithm 
as compared to the ZPAQ algorithm. Slight improve-
ments over the ZPAQ algorithm can also be observed for 
genome size and OUV. Excepting the ZPAQ compres-
sion ratio, which was assumed to be linear, AT content, 
genome size, and OUV were all non-linear terms with edf 
equal to 7.7, 8.3, and 4.9, respectively.

It can also be noticed in Fig. 5 that the red dashed line, 
which represents a regression line with slope 1 and intercept 

0, was slightly lower than the (blue) regression line, which 
represents the model intercept (p < 0.001) for the MBGC 
compression ratio regressed on the ZPAQ compression rate 
(and adjusted for the other predictors and the random slope 
effect mentioned above). The model intercept indicates that 
the MBGC compressor achieves, on average, a 0.15 com-
pression ratio improvement (approximately 3%) over the 
ZPAQ compressor for microbial genomes.

3  Discussion
OUV is a measure of genomic oligonucleotide frequency 
discrepancy from what is expected based only on the 
corresponding genomic nucleotide frequencies (i.e., 
genomic AT content). Surprisingly, OUV exhibited a 
strong correlation with both ZPAQ and MBGC compres-
sion ratios (see  respective  Figs.  2 and 3). Higher values 
of OUV indicate that oligonucleotide frequencies devi-
ate from expected based on the corresponding individual 

Fig. 3 MBGC compression rate regressed on genomic AT content, genome size, and OUV. The figure shows the predictors (horizontal axis): 
AT content (edf = 7.1, p < 0.001) (A), genome size (edf = 7.5, p < 0.001) (B), and OUV (edf = 2.0, p < 0.001) (C), from a GAMM regression model 
with MBGC‑based genomic compression rate as the outcome (vertical axis). Effective degrees of freedom (edf ) indicate degree of smooth 
non‑linearity for edf > 1. The model also included a random slope effect of genome size with respect to phylogeny (genus)

Fig. 4 MBGC and ZPAQ compression rate differences with regard to AT content. A Genomic compression ratios (vertical axis) for both MBGC 
and ZPAQ algorithms plotted against genomic AT content (horizontal axis). B The compression rate difference between the two algorithms (vertical 
axis) with regard to genomic AT content (horizontal axis)
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nucleotide frequencies. Low OUV, on the other hand, 
suggests that oligonucleotide frequencies are more pre-
dictive from the corresponding individual nucleotide fre-
quencies. Low OUV may thus be indicative of microbial 
genomes whose oligonucleotides have historically been 
subjected to relaxed selective pressures as compared to 
those with high OUV. Alternatively, low OUV may also, 
at least to some extent, be reflective of microbes with 
genomes containing a higher number of accumulated, 
presumably random, mutations.

Systematic bias in oligonucleotide usage may facilitate 
compression, particularly for the oligonucleotides that 
occur more frequently than expected. From the results 
presented here for the MBGC compression rates, this 
is more prevalent in AT poor genomes as seen in Figs. 4 
and 5. Indeed, a negative association has previously been 
found between OUV and AT content both within [14] 
and between genomes [11]. In general, AT poor genomes 
appear to have more homogeneous oligonucleotide usage 
[32]. As mentioned previously, biased genome-wide oligo-
nucleotide usage facilitates compression, something that 

is reflected in the results presented here. The fact that 
MBGC compressed AT poor genomes better than ZPAQ 
indicates that oligonucleotides occur with similar fre-
quency to their reverse complements increasingly more 
than for AT rich genomes. Hence, biased occurrence of 
genomic oligonucleotides is increasingly more similar 
to the occurrence of the corresponding reverse comple-
mented oligonucleotides in genomes with decreasing 
genomic AT.

As mentioned above, since OUV is lower in AT rich 
genomes, oligonucleotide frequencies are more corre-
lated to the frequencies of oligonucleotides composed 
of the corresponding individual nucleotides. In other 
words, genomic nucleotide frequencies tend to be more 
predictive of the genomic oligonucleotide frequencies. 
This could potentially indicate that species with AT rich 
genomes have historically accumulated more mutations 
than species with AT poor/GC rich genomes. Weaker 
purifying selection may thus have resulted in accumula-
tion of mutations in AT rich genomes to a much larger 
extent than in AT poor genomes.

Fig. 5 Regression model of compression rate differences. The figure demonstrates remaining effects of the MBGC compression rate (vertical axis) 
model after the effects from the ZPAQ compression rate model (A, horizontal axis) have been adjusted away with regression line colored in blue 
(red dashed line has intercept 0 and slope 1). B The remaining compression rate difference (vertical axis) on genomic AT content (horizontal axis, 
edf = 7.7, p < 0.001), C genome size (horizontal axis, edf = 8.3, p < 0.001), and D OUV (horizontal axis, edf = 4.9, p < 0.001). Genome size with respect 
to phylogeny (genus) was additionally included as a random slope. Effective degrees of freedom (edf ) indicate degree of non‑linearity (i.e., edf > 1) 
in smoothing spline
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The performance of the ZPAQ algorithm was on aver-
age inferior to the MBGC algorithm, and no compression 
rate differences could be detected between AT rich and 
AT poor genomes. Both ZPAQ and MBGC algorithms 
are similar [27], except for the fact that MBGC takes into 
considerations oligonucleotides and their reverse com-
plements. The difference in compression rate observed 
with MBGC between AT rich and AT poor genomes 
must therefore point to trend differences in oligonucle-
otide usage. More specifically, AT poor genomes have 
more homogeneous frequencies of abundant oligonu-
cleotides and their reverse complements than AT rich 
genomes. For both compression algorithms, the lowest 
compression rates were nevertheless obtained for the 
genomes with similar AT/GC content (i.e., %AT/%GC 
approaching 50%), likely because more oligonucleotide 
frequencies are less predictable due to the similar nucleo-
tide individual frequencies.

AT rich microbial genomes tend to have smaller 
genomes than GC rich genomes [3]. The reason is not 
completely understood, but as was seen in Figs. 2 and 3, 
the smaller genomes are also harder to compress, at least 
those with genome sizes below 2 million base-pairs (mb). 
Symbionts and pathogens often have smaller genomes 
due to genome reduction [7]. Reduction in genome size 
is often preceded by an accumulation of mutations, which 
go hand in hand with increased AT content and number 
of pseudogenes [7]. The reason that mutation accumula-
tion is often positively associated with AT content is that 
most mutations are in the direction from cytosine to thy-
mine [16]. Microbes with AT poor genomes, however, 
are often found outside hosts and have larger genomes 
with a more diverse set of genes [33]. An important dif-
ference between adenine and thymine base-pairs on one 
hand and guanine and cytosine base-pairs on the other is 
that the latter pair requires three hydrogen bonds instead 
of two for the former. Hence, G-C base-pairs are stronger 
than A-T but require more stacking energy [19, 34]. This 
suggests that genomic AT content is, at least to some 
extent, also a historical record of selective pressures, or 
lack thereof, having acted on a species’ genome [33, 34].

Formal definitions of the concept of randomness are 
relatively recent [28]. It has been shown that randomness 
is equivalent with compression [35]; the more random a 
string of characters is, the harder it is to compress and 
vice versa. Random sequences are also connected to the 
notion of information. The more random a string of char-
acters is the less information potential is carried by it (i.e., 
entropy increases) [23]. It is shown here that microbes 
with smaller genomes (i.e., typically less than 2 mb) are 
harder to compress than microbes with larger genomes. 
Moreover, AT poor genomes are easier to compress than 

AT rich, at least with the MBGC compression algorithm. 
Finally, OUV, which is a measure strongly connected to 
information and entropy [21], is positively associated 
with both ZPAQ and MBGC compression rates. As such, 
smaller AT-rich genomes with lower OUV, often found 
to be host associated, tend to contain less information 
potential, at least with respect to Shannon entropy [21, 
23], than larger AT poor genomes with higher OUV typi-
cally found in the environment.

4  Methods
In total 4829 microbial genomes were downloaded from 
NCBI’s RefSeq database [36] (https:// www. ncbi. nlm. nih. 
gov/ refseq/) on February 23, 2024. To obtain a prokary-
otic population consisting of representative samples as 
much as  possible, only RefSeq genomes were consid-
ered. The genomic data consisted mostly of one genome 
from each species, excepting only species with substan-
tial genomic differences, within a genus. There were 114 
samples of Wolbachia endosymbiont, of which 113 were 
removed to reduce bias from a single species. Three addi-
tional genomes were removed due to an unusual high 
number of repeats resulting in over 30 times compres-
sion ratios for both ZPAQ and MBGC compressors. The 
exceedingly high compression ratios negatively impacted 
model assumptions and were therefore removed. These 
included an unnamed endosymbiont of the deep-
sea mussel Bathymodiolus septemdierum (accession: 
AP013042.1), Enterobacter lignolyticus (CP012871.1), and 
E. ludwigii (CP017279.1). In total, 4,713 genomes were 
available for analysis. All plasmids were removed from all 
species/genomes so that only chromosomes were used for 
the downstream analyses. Genomes consisting of multiple 
chromosomes were concatenated into one file.

The genomes were compressed into ZPAQ format using 
“lrzip” v. 0.651 with the –zpaq option [26]. For the MBGC 
compressor, “mbgc” v. 1.2.1 [27] was used (https:// github. 
com/ kowal lus/ mbgc). Compression ratio was calculated 
as genome (i.e., total chromosome) size/compressed file 
size for each genome and for both compressors.

The AT content, OUV and genome size of these 
genomes were computed from in-house scripts; AT con-
tent as the number of A + T nucleotides/total number of 
A + T + G + C nucleotides. Genome size was calculated as 
the total number of nucleotides. OUV was calculated as 
the average squared difference between genomic tetra-
nucleotide frequencies and the product of its individual 
nucleotide frequencies. That is:

OUV =

1

N − 1
XYZW

f (XYZW )− f (X)f (Y )f (Z)f (W )
2

https://www.ncbi.nlm.nih.gov/refseq/
https://www.ncbi.nlm.nih.gov/refseq/
https://github.com/kowallus/mbgc
https://github.com/kowallus/mbgc
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where XYZW represents nucleotides for every possible 
genomic tetranucleotide from the alphabet A, G, C and 
T (e.g., f(ATGC) and f(A)f(T)f(G)f(C)). N designates the 
number of possible oligonucleotide combination (i.e., 
N = 44 = 256 for tetranucleotides).

To explore whether genomic compression ratio, from 
either ZPAQ or MBGC algorithms, was associated with 
genome size, AT content, and OUV, we employed gen-
eralized additive mixed effects models (GAMM) [29] 
to account for putative non-linear associations between 
outcome and predictors and non-constant variance dif-
ferences between phylogenetic groups. It has previously 
been demonstrated that adding a taxonomic group below 
genus level has negligible impact on the models focus-
ing on genomic base composition in microbes [15, 37]. 
Genus was therefore added as a random intercept effect 
since there was only one genome for each species. A ran-
dom slope effect with respect to genome size resulted 
in the best fitted model. All models were first estimated 
using Maximum Likelihood (ML) so that it would be 
possible to assess and compare goodness-of-fit with 
the Akaike Information Criterion (AIC) [31]. The low-
est AIC indicates the best model. The best models for 
both regression models with compression ratio (ZPAQ/
MBGC) as outcome and genomic AT content, OUV, 
and genome size as outcome, together with a random 
slope of genome size with respect to genus, obtained 
AIC = − 3082 (ZPAQ)/ − 2997 (MBGC). Without ran-
dom effects but the same predictors the models obtained, 
AIC = − 2053 (ZPAQ)/ − 1993 (MBGC). For the null 
models, − 725 (ZPAQ)/445 (MBGC). To compare the dif-
ference between the MBGC compression ratio and the 
ZPAQ compression ratio with respect to the abovemen-
tioned predictors, the ZPAQ compression rate was added 
to the MBGC compression rate model described above 
as a linear predictor. Hence, Fig. 5 shows the remaining 
effects of MBGC compression rate model after adjust-
ing away the effects from the ZPAQ compression rate. 
All final mixed-effect type models were estimated using 
restricted maximum likelihood (REML); therefore, all 
results presented (except for AIC) are from these models 
[30]. All statistical analyses were performed in R v. 4.3.1 
[38], GAM regression was carried out with the “mgcv” 
library [29], while the mixed effect GAM (GAMM) was 
performed with the “GAMM4” library that estimates 
random effects using the “lme4” library [39]. All figures 
were also made with R.

5  Conclusion
We demonstrate here that microbes with smaller 
genomes tend to be harder to compress than microbes 
with genome sizes approximately above 2 mb. 

Moreover, we found a clear and surprising positive 
association between OUV and compression rate sug-
gesting that increasing oligonucleotide usage variance 
is a proxy for genome redundancy in microbes. Since 
the OUV measure is related to Shannon entropy, there 
is a positive association between genome redundancy 
and information potential.

The MBGC method compressed microbial genomes 
to a higher rate than the ZPAQ algorithm, on average. 
Moreover, MBGC compressed AT poor genomes signif-
icantly better than the ZPAQ compressor. The MBGC 
algorithm’s ability to obtain a progressively higher com-
pression rate for genomes with decreasing AT content 
is likely because the method considered both oligonu-
cleotides and their reverse complements. These find-
ings suggest that organisms with AT poor/GC rich 
genomes have higher than expected occurrences of 
particular oligonucleotides and their respective reverse 
complements than AT rich genomes. Since compres-
sion is tightly linked to randomness, smaller, AT rich 
genomes with low OUV, often found to be host-associ-
ated, appear to have accumulated more random muta-
tions, on average, and thus exhibit lower information 
potential, than microbes with larger, AT poor/GC rich 
genomes and higher OUV frequently found in soil and 
the environment.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s44342‑ 024‑ 00018‑z.

Additional file 1. An Excel file containing all data needed to reproduce the 
findings reported.

Acknowledgements
The authors wish to thank Dr. Sasikiran Kandula for helpful comments and 
suggestions.

Authors’ contributions
JB: Initiated project, performed bioinformatics and statistical analyses, wrote 
manuscript. JHOP: Analysis, editing and review. Both authors read and 
approved the final manuscript.

Funding
Open access funding provided by Norwegian Institute of Public Health (FHI) 
JB is funded by the Norwegian Institute of Public Health. JHOP is funded by 
the Swedish Research Council VR (grant no.: 2020–02593).

Availability of data and materials
All genomes were downloaded from the NCBI Reference Sequence Database 
(RefSeq, https:// www. ncbi. nlm. nih. gov/ refseq/). All data needed to reproduce 
the findings reported have been included as an Excel spreadsheet in Addi‑
tional file 1.

Data availbility
All data used for analysis have been included in an Excel file as supplementary 
information.

https://doi.org/10.1186/s44342-024-00018-z
https://doi.org/10.1186/s44342-024-00018-z
https://www.ncbi.nlm.nih.gov/refseq/


Page 9 of 9Bohlin and Pettersson  Genomics & Informatics           (2024) 22:16  

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1 Norwegian Institute of Public Health, Domain for Infection Control, Section 
for Modeling and Bioinformatics, Oslo, Norway. 2 Zoonosis Science Center, 
Clinical Microbiology, Department of Medical Sciences, University of Uppsala, 
751 85 Uppsala, Sweden. 3 Clinical Microbiology and Hospital Hygiene, Upp‑
sala University Hospital, 751 85 Uppsala, Sweden. 4 Department of Microbiol‑
ogy and Immunology, Peter Doherty Institute for Infection and Immunity, 
University of Melbourne, Melbourne, VIC, Australia. 

Received: 10 July 2024   Accepted: 10 September 2024

References
 1. Agashe D, Shankar N. The evolution of bacterial DNA base composition. J 

Exp Zool B Mol Dev Evol. 2014;322:517–28.
 2. Fariselli P, Taccioli C, Pagani L, Maritan A. DNA sequence symmetries 

from randomness: the origin of the Chargaff’s second parity rule. Brief 
Bioinform. 2021;22:2172–81.

 3. Guo F‑B, Lin H, Huang J. A plot of G + C content against sequence length 
of 640 bacterial chromosomes shows the points are widely scattered in 
the upper triangular area. Chromosome Res. 2009;17:359–64.

 4. Mitchell D. GC content and genome length in Chargaff compliant 
genomes. Biochem Biophys Res Commun. 2007;353:207–10.

 5. Bohlin J, Sekse C, Skjerve E, Brynildsrud O. Positive correlations between 
genomic %AT and genome size within strains of bacterial species. Envi‑
ron Microbiol Rep. 2014;6:278–86.

 6. Foerstner KU, von Mering C, Hooper SD, Bork P. Environments shape the 
nucleotide composition of genomes. EMBO Rep. 2005;6:1208–13.

 7. McCutcheon JP, Moran NA. Extreme genome reduction in symbiotic 
bacteria. Nat Rev Microbiol. 2012;10:13–26.

 8. Weinert LA, Welch JJ. Why might bacterial pathogens have small 
genomes? Trends Ecol Evol. 2017;32:936–47.

 9. Moran NA. Accelerated evolution and Muller’s rachet in endosymbiotic 
bacteria. Proc Natl Acad Sci. 1996;93:2873–8.

 10. Reva ON, Tümmler B. Global features of sequences of bacterial chromo‑
somes, plasmids and phages revealed by analysis of oligonucleotide 
usage patterns. BMC Bioinformatics. 2004;5:90.

 11. Bohlin J, Skjerve E, Ussery DW. Investigations of oligonucleotide 
usage variance within and between prokaryotes. PLoS Comput Biol. 
2008;4:e1000057.

 12. Bohlin J, Skjerve E, Ussery DW. Analysis of genomic signatures in prokary‑
otes using multinomial regression and hierarchical clustering. BMC 
Genomics. 2009;10:487.

 13. Willenbrock H, Friis C, Juncker AS, Ussery DW. An environmental signature 
for 323 microbial genomes based on codon adaptation indices. Genome 
Biol. 2006;7:R114.

 14. Bohlin J, Skjerve E. Examination of genome homogeneity in prokaryotes 
using genomic signatures. PLoS ONE. 2009;4:e8113.

 15. Bohlin J, Eldholm V, Pettersson JHO, Brynildsrud O, Snipen L. The nucleo‑
tide composition of microbial genomes indicates differential patterns of 
selection on core and accessory genomes. BMC Genomics. 2017;18:151.

 16. Hershberg R, Petrov DA. Evidence that mutation is universally biased 
towards AT in bacteria. PLoS Genet. 2010;6:e1001115.

 17. Hildebrand F, Meyer A, Eyre‑Walker A. Evidence of selection upon 
genomic GC‑content in bacteria. PLoS Genet. 2010;6:e1001107.

 18. Rocha EPC, Danchin A. Base composition bias might result from competi‑
tion for metabolic resources. Trends Genet. 2002;18:291–4.

 19. Bohlin J, Rose B, Brynildsrud O, De Blasio BF. A simple stochastic model 
describing genomic evolution over time of GC content in microbial 
symbionts. J Theor Biol. 2020;503:110389.

 20. Seward EA, Kelly S. Dietary nitrogen alters codon bias and genome com‑
position in parasitic microorganisms. Genome Biol. 2016;17:226.

 21. Bohlin J, van Passel MW, Snipen L, Kristoffersen AB, Ussery D, Hardy SP. 
Relative entropy differences in bacterial chromosomes, plasmids, phages 
and genomic islands. BMC Genomics. 2012;13:66.

 22. Gusev VD, Kulichkov VA, Chupakhina OM. The Lempel‑Ziv complexity and 
local structure analysis of genomes. Biosystems. 1993;30:183–200.

 23. Machta J. Entropy, information, and computation. Am J Phys. 
1999;67:1074–7.

 24. Ziv J, Lempel A. Compression of individual sequences via variable‑rate 
coding. IEEE Trans Inf Theory. 1978;24:530–6.

 25. Huffman DA. A method for the construction of minimum‑redundancy 
codes. Proc IRE. 1952;40:1098–101.

 26. Kryukov K, Ueda MT, Nakagawa S, Imanishi T. Sequence compres‑
sion benchmark (SCB) database—a comprehensive evaluation of 
reference‑free compressors for FASTA‑formatted sequences. GigaScience. 
2020;9:giaa072.

 27. Grabowski S, Kowalski TM. MBGC: multiple bacteria genome compressor. 
GigaScience. 2022;11:giab099.

 28. Martin‑Löf P. The definition of random sequences. Inf Control. 
1966;9:602–19.

 29. Wood SN. Generalized additive models: an introduction with R, Second 
Edition. 2nd ed. New York: Chapman and Hall/CRC; 2017.

 30. Pawitan Y. In all likelihood: statistical modelling and inference using likeli‑
hood. Oxford: Oxford University Press; 2001.

 31. Akaike H. Information theory and an extension of the maximum likeli‑
hood principle. In: Parzen E, Tanabe K, Kitagawa G, editors. Selected 
papers of Hirotugu Akaike. New York: Springer; 1998. p. 199–213.

 32. Bohlin J. Genomic signatures in microbes—properties and applications. 
Sci World J. 2011;11(1):715–25.

 33. Reichenberger ER, Rosen G, Hershberg U, Hershberg R. Prokaryotic 
nucleotide composition is shaped by both phylogeny and the environ‑
ment. Genome Biol Evol. 2015;7:1380–9.

 34. Meyer MM. Revisiting the relationships between genomic G + C content, 
RNA secondary structures, and optimal growth temperature. J Mol Evol. 
2021;89:165–71.

 35. Franklin JNY, Porter CP. Key developments in algorithmic randomness. In: 
Porter CP, Franklin JNY, editors. Algorithmic randomness: progress and 
prospects. Cambridge: Cambridge University Press; 2020. p. 1–39.

 36. Pruitt KD, Tatusova T, Maglott DR. NCBI Reference Sequence (RefSeq): a 
curated non‑redundant sequence database of genomes, transcripts and 
proteins. Nucleic Acids Res. 2005;33 Database issue:D501‑504.

 37. Maistrenko OM, Mende DR, Luetge M, Hildebrand F, Schmidt TSB, Li SS, 
et al. Disentangling the impact of environmental and phylogenetic con‑
straints on prokaryotic within‑species diversity. ISME J. 2020;14:1247–59.

 38. Ihaka R, Gentleman R. R: a language for data analysis and graphics. J 
Comput Graph Stat. 1996;5:299–314.

 39. Bates D, Mächler M, Bolker B, Walker S. Fitting linear mixed‑effects models 
using lme4. J Stat Softw. 2015;67:1–48.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.


	Compression rates of microbial genomes are associated with genome size and base composition
	Abstract 
	Background 
	Results 
	Conclusion 

	1 Background
	2 Results
	3 Discussion
	4 Methods
	5 Conclusion
	Acknowledgements
	References


