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due to prevalent genetic strain variation11, which would increase
noise. First, we benchmarked PTR using a closed reference
genome, and then the same genome fragmented into 100kb
fragments and reshuffled to mimic a draft genome for GRiD and
iRep measurements. Reads mapping to S. epidermidis were
subsampled to 0.4× and 0.2× coverage and subsequently used for
GRiD and iRep estimates. iRep performed similarly to the PTR
benchmark, but GRiD had a much lower percentage of error in
comparison to iRep at both 0.4× and 0.2× coverage (Fig. 1c). To
highlight the importance of accounting for ambiguous reads
during growth estimation, reads mapping to S. epidermidis were

re-mapped to S. capitis, S. aureus, and Propionibacterium acnes
genomes to determine the proportion of multiple-mapping reads.
Samples with increasing numbers of multi-mapped, ambiguous
reads were significantly correlated with our metric of increasing
species heterogeneity (Fig. 1d), which can increase uncertainty in
growth rate estimation. For quality control, we found that a
combination of dnaA coverage, dif coverage, and species
heterogeneity can be used to ascertain the accuracy of growth
predictions. Our findings suggest that growth rates are most
accurate when dnaA/ori and ter/dif coverage ratios approach one,
and species heterogeneity is low (<0.3, Supplementary Fig. 2A).

File A

22
45
13
15
5
4
25
19

Coverage
45
25
22
19
15
13
5
4

Sort based 
on coverage

S
e
q
u
e
n
ti
a
ll
y
 d

is
tr

ib
u
te

 a
lt
e
rn

a
ti
n
g

c
o
v
e
ra

g
e
 i
n
fo

rm
a
ti
o
n
 t
o
 2

 f
il
e
s
,

fi
le

 A
 a

n
d
 f
il
e
 B

Contigs 45
22
15
5

25
19
13
4

Sort

4 
13
19
 25

File B
Merge

45
22
15
5
4
13
19
25

Reordered
contigs’ coverage

Concatenate contigs 
based on reordering; 
calculate average across 
10 Kb window 

−2.0

−1.5

−1.0

0
500 2000

Genome location (Kbp)

L
o
g
 %

 c
o
v
e
ra

g
e

using position of
dnaA and dif, and
calculate species
heterogeneity

−2.0

−1.5

−1.0

GRiD = 1.5
Species heterogeneity = 0.04

0
500 2000

Genome location (Kbp)

L
o
g
 %

 c
o
v
e
ra

g
e

dnaA

dif

Noise elimination, 
calculate coverage 
ratio at peak and 
trough, validate

a

d

b

0

25

50

75

0 25 50 75

% Error (iRep)

0

25

50

75

%
 E

rr
o

r 
(G

R
iD

)

0.4× coverage

0.2× coverage

0

2

4

6

Coverage

D
e

lt
a

10× 2× 0.4× 0.2×

GRiD
iRep

2.5

7.5

G
R

iD

20

40

iR
e

p

2.5

7.5

G
R

iD

10

20

30

2.5 5.0 7.5
PTR

iR
e

p

0.4×
cov

0.4×
cov

0.2×
cov

0.2×
cov

c

r = 0.69

r = 0.60

r = 0.67

r = 0.63
***

***

***

***

1

2

3

4

CPR2
CPR3

Dojk
ab

ac
ter

ia 
(W

S6)

Kata
no

ba
cte

ria
 (W

W
E3)

Micr
og

en
om

ate
s (

OP11
)

Parc
ub

ac
ter

ia 
(O

D1)

Pere
gri

nib
ac

ter
ia 

(P
ER)

o
ri

/t
e

r

GRiD
iRep

e

2

4

0
.4

×
 c

o
v

2

4

0
.2

×
 c

o
v

G
R

iD
 (

s
u

b
-s

a
m

p
le

d
) 

2 4
GRiD (complete dataset)

r = 0.78
***

r = 0.60
***

1.5 2.5

5

15

5

15

NS

NS

0
.4

×
 c

o
v

0
.2

×
 c

o
v

iR
e

p
 (

s
u

b
-s

a
m

p
le

d
) 

iRep (complete dataset)

0.0

0.2

0.4

0.6

1 2 3 4

1 2 3 4

0.0

0.2

0.4

0.6

–2 0 2 4
0.0

0.2

0.4

0.6

Log (% of S. epi reads
mapped to genome)

S
p

e
c
ie

s
 h

e
te

ro
g

e
n

e
it
y
 (

 1
 –

)
r

  
u Staphylococcus capitis

Staphylococcus aureus

Propionibacterium acnes

r = 0.71
   ***

r = 0.73
   ***

r = 0.59
   ***

Fig. 1 In situ growth estimate from ultra-low coverage bacteria. a The GRiD approach. Contigs are re-ordered to produce a pattern whereby low coverage
contigs potentially containing ter are located near the mid-region of the genome, while high-coverage contigs potentially harboring ori are located at either
extremes of the genome. GRiD values correspond to the ratio of coverage at the peak (ori) and trough (ter) regions. b Growth rate reproducibility between
GRiD and iRep using reads obtained from pure cultures of Staphylococcus epidermidis and Corynebacterium simulans. The boxplot shows the difference (delta)
in growth estimates before and after reads were subsampled to lower coverage. To avoid bias, only unrefined GRiD values (see methods) were used for
comparison with iRep. c Error rate comparison between GRiD and iRep from a skin metagenomic dataset using S. epidermidis reference genome. PTR was
calculated using a closed circular reference genome while GRiD and iRep were calculated using the same reference genome, but fragmented into 100kb
fragments and reshuffled. For samples with genome coverage > 0.2 (n= 588), mapped reads were subsampled to ultra-low coverage prior to GRiD and
iRep estimations. Here, Percent error ¼ ðmaxðpredicted;realÞÞ$ðminðpredicted;realÞÞ

ðmaxðpredicted;realÞÞ ´ 100, where “predicted” represent GRiD or iRep scores, and “real” is the PTR score.
Unrefined GRiD values were used for comparison with iRep. The figure on the right shows Pearson correlation plots of GRiD and iRep with PTR. ***= p <
0.001. d Reads from a skin metagenomic dataset mapping to S. epidermidis were remapped to the respective genomes. Re-mapped reads are considered as
ambiguous reads. The scatter plot shows the correlation (Spearman) between ambiguous reads and species heterogeneity (1−r/u), where r= refined
GRiD and u= unrefined GRiD (see Methods). ***= p < 0.001. e iRep and GRiD measurement for CPR genomes. The scatter plots below show Pearson
correlation plots of GRiD and iRep estimates before and after subsampling to ultra-low coverage. ***= p < 0.001. Center lines in boxplots represent the
median and the edges represent the first and third quartiles. Source data are provided as a Source Data file
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Today
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Curated families/ontologies
• Pfam
• KEGG
• EggNOG

Large collections
• UniProt
• NCBI

Specialized databases
• antibiotics resistance: Resfams,

CARD, …
• specific metabolism: antiSMASH, 

CAZy, …
• taxonomic/phylogenetic markers:

BUSCO, CheckM, mOTUs, …
• others: virulence, effectors, toxins, 

plasmids, phages, CRISPR…
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• You will most likely not use these directly
• They form the basis of the more ordered 

and the more specific databases
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Pfam-A
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• families based on sequence homology
• represented by HMMs
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• KOs
• pathways
• links to reactions, metabolites, genomes
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• KOs
• pathways
• links to reactions, metabolites, genomes



EggNOG
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• orthologous groups
• bacteria, archaea, viruses
• links to and parsing of phylogeny
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Specific databases: 
specific metabolism
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• antiSMASH
• CAZy



Specific databases: 
marker genes
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• BUSCO
• CheckM
• fetchMG-markers
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others
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• virulence
• effectors



Specific databases: 
others
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• phages
• plasmids



And what about …?
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• genome databases and gene catalogues:
we will look at these on the 8th June



Thanks for your attention!

a.u.s.heintzbuschart@uva.nl github.com/a-h-b                                           twitter.com/_a_h_b_

SP C2.205


