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Estimating the number of essential genesin a genome
by random transposon mutagenesis

Natalie J. Blades and Karl W. Broman
Department of Biostatistics, Johns Hopkins University

29 July 2002

We describe a Bayesian method for estimating the numberseinéial genes in a genome, on the basis of data
on viable mutants for which a single transposon was inseafest a random TA site in a genome, potentially
disrupting a gene. The prior distribution for the number sdential genes was taken to be uniform. A Gibbs
sampler was used to estimate the posterior distributiore mbthod is illustrated with simulated data. Further
simulations were used to study the performance of the proeed

INTRODUCTION It may be that the insertion of a transposon at a site close
to the tail of a gene will not be sufficiently disruptive torali

an extremely virulent organism that can be quite damag'—”ate the activity of the gene product, and so viable mutants

ing to humans. Its circular genome, which consists of @Y be observed even for essential genes. Thus, follow-
4.4 Mbp (million base pairs), has been completely sequencelf9d Hutchisonet al. (1999), we consider only insertion sites
(http://www.tigr.org), and the locations of 4250 known of i within the initial 80% of a gene. The observation of a viable

ferred genes have been identified. Knowledge of which ofnutant for such a site is assumed to indicate that the corre-

these genes are essential for the organism’s viabilitylis-va SPONding gene is non-essential. A viable mutant for a site
0% of a gene mapot indicate that the gene is

able, since such genes could serve as targets for new drud8.the tail 2
One approach to learn about the identity of all essentiatgen NON-essential.
would be to knock out each gene individually. Alternatively ~ The M. tb. CDC1551 genome contains 74,403 such TA
one may use random transposon mutagenesis to knock osites for transposon insertion, including 65,649 that ateiw
genes completely at random, selecting for viable mutaats th genes, of which 51,370 are in the initial 80% of a gene. Of
have exactly one gene disrupted. the 4250 genes in the genome, 4234 contain at least one in-

The Himar1 transposon of the Mariner family inserts it- Sertion site, with 4204 genes containing at least one iiogert
self completely at random at a site reading TA (Lanepal. site in the initial 80% of their sequence. Figure 2 contains a
1996). One may ensure the incorporation of exactly one suchistogram of the number of insertion sites in the initial 80%
transposon intd/. th. CDC1551, select for a viable mutant, of each gene, for the 4204 genes containing at least one such
and sequence across the junctions to identify the exactt®A si Site. The median number of such sites is 10; 46 genes contain
at which the transposon was incorporated. 50 or more sites, with one gene containing 162 sites.

The transposon, which is 2.1 kbp long, includes at least Insertion sites in regions of gene overlap require careful
20 stop codons in each of the six possible reading framesonsideration. Of the 4250 pairs of adjacent genes in this
Thus, if the transposon is incorporated within a gene, tinege circular genome, 1110 overlap by at least 1 bp; 547 pairs of
product will be truncated, with a portion of the transposon i  adjacent genes overlap by exactly 4 bp, and one pair overlaps
cluded at the tail. The gene product will thus be inactive,by 547 bp. Of the 65,649 transposon insertion sites within
and so the presence of a viable mutant with an insertion in genes, 547 sites are in regions of gene overlap. (It is strang
particular gene indicates that the geneads essential for the  that the number 547 shows up three times here.) For a pair of
organism. Any mutant for which the transposon was insertegienes that overlap in the initial portions of their sequsnae
within an essential gene will not be viable. transposon insertion at a site in the overlapping regiondvou

Figure 1 contains the sequence of the gene MT594.in  disrupt both genes, and so a viable mutant with an insertion
tb. CDC1551, which consists of 123 bp. (Note that this geneat such a site indicates that both genes are non-essential. A
is unusually short. The 4250 genes in this organism range imsertion at a site in the overlap between the initial partio
length from 93 to 12,456 bp, with a median length of 813 bp.)of one gene and the tail portion of another gene would likely
There are three transposon insertion sites in this geneatone disrupt the former gene but may not disrupt the latter gene,
the start codon, one at the stop codon, and one 60% of thend so a mutant for such a site would indicate that the for-
way through the gene. mer gene was non-essential but may not be informative for

The CDC1551 strain oMycobacterium tuberculosis is
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Figure 1: The sequence of the gene MT598Nh th. CDC1551 (consisting of 123 bp), as well as the 5 bp precedintl
following the gene. Arrows indicate the three transposaeiition sites in this gene.

0 25 50 75 100 125 150

Number of TA sites

Figure 2: Histogram of the number of TA sites in the initial 80% of eadlthe 4204 genes in thd. tb. CDC1551 genome that
contain such a site. The tick marks below the histogram atdithe actual observations, jittered slightly.

the latter gene. Thus, to be conservative, we eliminate fronposterior distribution (given the data) using a Gibbs sampl
consideration any insertion sites that are in regions oflape  a form of Markov chain Monte Carlo. The overall number of
but which are not in the initial 80% dfoth genes. Of the essential genes is estimated by the estimated posterior. mea
547 insertion sites shared by two genes, 62 fall in the initia  The results of the Gibbs sampler also allow us to estimate,
80% of each of the two genes. These 62 shared sites involier each gene, the probability, given the data, that it ieess
30 pairs of genes; 18 of these gene pairs share exactly orial. Further, we may consider recognized families of genes
site, while one pair shares 11 sites. We are left with a tdtal oand identify families that appear to be enriched in esskentia
51,105 sites, including the 62 shared sites. genes.

In random transposon mutagenesis, one obtains a number N the following sections, we describe our method in de-
of viable mutants that contain exactly one transposon insefail, illustrate it with simulated data, and describe theutes
tion and identifies the exact location of the insertion infeac Of further computer simulations to assess the performafice o
mutant by DNA sequencing. As discussed above, we con@ur procedure.
sider only insertion sites and mutants that are in a singie ge

and are in the initial 80% of that gene, or that are in theahiti METHODS
80% of each of two genes. Genes for which a mutant was | et N denote the number of genes, numbered according
observed are thus inferred to be non-essential. to their order around the genome. Lgtdenote the number

We have developed a Bayesian statistical method to estif insertion sites that are in the initial 80% of geinend that
mate the overall number of essential genes in the genome @ppear in no other gene, and let denote the number of in-
the basis of such data. We assume that the prior distributiogertion sites that are in the initial 80% bbth genes; and
for the number of essential genes is uniform, and estimate th; 4 1, with wx corresponding to the number of insertion sites

http://biostats.bepress.com/jhubiostat/paperl5
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shared by gene¥ and 1. (Recall that the genome is circular.) posterior distribution. (See Gelmahal. (1995) for a review
Let §;, = 1 if the ith gene is non-essential and = 0 otherwise.of MCMC.)
For convenience of notation, 16ty,; = 61, 6y = Oy, and We begin with an initial stat@®). Of course, genes for
wo = wy. LetS =3, (x;0; + w;6;0;41), the total number which a mutant was observe@{ = 1) are known to be non-
of viable targets for transposon insertion. et= z;6;/S  essential, and are assign#d = 1. We typically assign all
andg; = w;0;0;11/5. Thenp; is the proportion of viable tar- - gther genes to be essential i = 0) initially, though we
get sites that appear in genalone, andy; is the proportion 5y 4150 assign them all to be non-essential, or assign them
of viable target sites that are shared by ger@sdi + 1. Let (g pe essential independently with some specified progbili
0= (01,...,0n),p=(p1,-..,pn),@Ndg = (q1,---,4N).  That the starting point is unimportant will be demonstrated
Consider data om mutants. Lety; denote the number pejow.
of mutants with an insertion in thégh gene alone, and let At step s of the Gibbs sampler, we cycle through the
z; denote the number of mutants with an insertion in the regenes one at a time, and draWJrl) conditional on the ob-

gion of overlap between genésandi + 1. As before,zy served data and on the current values of all ottigr Let
corresponds to the number of mutants shared by géhes 0(3) (9(s+1) St gle) 9(3)). Then

and 1, and for convenience of notation we gt = 2. 1 o Tl Tt ON

N(ﬁe thatd . (y; + z;) = n. Lety = (yi1,...,yn) and Pr(f; = 1| O(Z,y, 2) =

z=(21,-..,2N).

LetO; = 1if y; >0,2z; >0,0rz;_1 >0, andletO; =0 )
otherwise. In other wordg); = 1 if at least one mutant was 1 ifO; =1
observed with transposon insertion at a site in gerfiRBecall .
that if z; > 0, at least one viable mutant was observed for (A#l)(c(;;‘iﬁll((cj(})_&)(Bi),n if O, =0
an insertion site in the region of overlap between geresl
i+ 1,and so0; = 1 andO,,; = 1. This indicates thaboth ~ where
of these genes are non-essential, an} se 1 andfd; ., = 1.)

o (s+1)

We seek to estimate, = ). 6;, the total number of non- A = Zj<i 93 + ZJ>1 J
essential genes. Note that— 6 is the number of essential
genes and — 0, /N is the proport?on of essential genes. Bi = Y. xjeg,sﬂ) + X s ;Cje(,s) +

We assume thaty, z) ~ multinomialn, (p,q)). This (541) o (54+1) () ()

. : . i w0 + D w0
gives the following likelihood function fof: Z;<z—1 J j+1 j>i Wi J+1
.0.\Yi 0.0 Zi s s
L(O | y’z) _ ( n ) Hi(zlel) ('le9191+1) Ci — B + x + wi 19( +1) 9’5+1
(y,z) (Zz x;0; +wi0i9i+1)”
o (X, il + wififi1) " The above equations are greatly simplified if insertion
sites in regions of gene overlap are not considered. In that

provided that; = 1 wheneveO; = 1. case, the terms containings are eliminated.

It is interesting to note that the likelihood function does ~ We begin the chain at some initial sta#€”. At each
not depend on the particular numbers of mutants observesfep of the chain, we update thgin a random order. We
for each gene, but only on the overall number of mutants andiscard the initial 500 or so steps (called the burn-in ghrio
on the identity of genes for which at least one mutant wagind use the results of every 50th or so of the remaining steps
observed. Note that the maximum likelihood estimate (MLE)to estimate the posterior distribution 8f Let M/ denote the
for 6. is simply the minimum number of non-essential genesnumber of values so used.
given the data: the number of genes for which at least one We estimate the number of non-essential genes by its es-

mutant was observed. timated posterior meai, 9(5 /M, wheree(S =36 is

We assume the following prior distribution fét the number of non- essentlal genes at starpthe Gibbs sam-
pler. A 95% credible interval for the number of non-esséntia

Pr(6) — 11 () (V-6y) genes is estimated 4&, U) whereL andU are the 2.5 and

N+1 (V) (N +1)! 97.5 percentiles of the observéd’. Of course, both the
point estimate and the interval estimate may easily be turne
That is,f0;+ ~ uniform{0,1,..., N} and@ | 64 is uniform into corresponding estimates regarding the number or propo
over all sequences of 0’'s and 1's havipg 6; = 0. tion of essential genes. Note that the 95% credible interval

We use a Gibbs sampler (Geman and Geman 1984), may be viewed as an approximate 95% confidence interval;
form of Markov chain Monte Carlo (MCMC), to estimate the see the simulation results below.
posterior distribution of, given the observed datéy, z). We may further estimate the posterior probability that
In MCMC, one forms a Markov chain whose stationary dis-each gene is essential. Of course, genes for which a mutant
tribution corresponds to the posterior distribution oeigist.  was observed are known to be non-essential and so have pos-
Sequential draws from such a chain provide an estimate of thierior probability to be essential of zero. For genes foraluhi
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Figure 3: Number of essential genes at each of the first 1000 MCMC siEfige independent chains initiated at dispersed
starting points, for the example data.

no mutant was observed, the posterior probability is esétha In Figure 3, the number of essential genes at the first 1000

byl -3, QZ(S)/M_ steps in each of five independent chains is displayed. These
Finally, suppose that the genes have been partitioned intéve chains were initiated at dispersed starting pointdj @it

families, and letj(i) denote the family for gene. Let ther none, 25%, 50%, 75% or all of the 3611 genes for which

n; denote the number of genes in famijly and let¢; = no mutant was observed taken to be essential. The five chains

Zi:j(i):j 0;/n; denote the proportion of non-essential genesconverge upon each other within their firs_t 200 steps, irt_dica

in family j. We may say that familyj is enriched with  ing that the Gibbs sampler converges rapidly to the stationa

essential genes if the proportiaf} is less than the over- distribution, and that the results will not be sensitivehe t

all proportion of non-essential gengs, /N. We may esti- particular starting point of the chain.

mate the probability, given the data, that familis enriched Figure 4 contains the estimated autocorrelation function
with genes a®r(¢; < 6. /N | datg ~ #{s : ¢\" <  for the number of essential genes, based on 50,000 MCMC
Gif)/N}/M, Wheregbg.s) =ae _ 955)/%. steps, following a burn-in period of 500 steps. While thare i

Gconsiderable autocorrelation, values that are 50 or mepsst

has been constructed as an add-on package, R/negen@gf’“t are approximately uncorrelated. Figure 5 contaias th
for the freely available statistical software R (Ilhaka andnumber of essential genes at every 50th step of these 50,000

Gentleman 1995), and will soon be made available af\/lc_:MC Steps. T_here appears to t_)g some residual autocorre-
http://www.biostat.jhsph.edu/"kbroman/software ation, but t_he Glb_bs sampler IS mixing We”'_ o
To obtain our final estimate of the posterior distribution of
EXAMPLE the number of essential genes, based on these simulated data
In order to illustrate our method and to inspect the propWe considered the results of every 50th of 500,000 MCMC

erties of the Gibbs sampler, we simulated an example data ssiePS (a total of 10,000 values), following a burn-in pesdd
patterned after th®l. th, CDC1551 genome. We considered 200 Steps.

only the 4204 genes that contain at least one TA site in the The estimated posterior mean number of essential genes
initial 80% of their length, chose 1850 (44%) genes, at ranwas 1897 (45.1%). The estimated 95% credible interval (the
dom, to be essential, and simulated 756 viable mutants wit@-5 and 97.5 percentiles of the 10,000 values) was the iterv
insertions at one of the 51,105 TA sites under considerationt590 to 2166 (37.8 to 51.5%). Note that this interval corgtain
One of these simulated mutants had insertion at a site sharéde simulated number of essential genes, 1850 (44%).

by two genes. A total of 593 genes were observed to have at In Figure 6, the estimated posterior probability of being
least one mutant. Thus the minimum number of non-essentia@ssential is plotted against the number of TA sites, for @ich
genes was found to be 593, and the maximum number of eshe 4204 genes. The 593 genes for which a mutant was ob-
sential genes was 3611. served have posterior probability of being essential obzer

Computer software implementing the above metho

http://biostats.bepress.com/jhubiostat/paperl5
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Figure4: The autocorrelation function estimated from the numberssential genes in 50,000 MCMC steps, following a burn-
in of 500 steps, for the example data. Horizontal lines iatiapproximate pointwise confidence bounds for an unctec!
series. Note that the estimated autocorrelation for sraglis truncated so as to more clearly show the region for wihieh
autocorrelation reaches 0.
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Figure 5: Number of essential genes at every 50th of 50,000 MCMC sfeplswing a burn-in of 500 steps, for the example
data.
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and are jittered vertically so that the points may be distin-  Figure 7C contains the average length of the 95% credible
guished. The vertical scatter in the remaining points gdbr  interval for the percent of essential genes. The intervais b
due to MCMC sampling error. Note that genes that have moreome considerably smaller with data on more mutants. Also,
than 50 insertion sites, and for which no mutant was observedhe intervals are somewhat smaller in the case of a larger un-
have a greater than 75% chance, given the data, of being ederlying proportion of essential genes. For example, in the
sential. In fact, 21 of the 26 such genes (81%) were simulatedase of 1500 mutants, the average length of the interval is
to be essential. 10.7% when 25% of the genes are essential, 6.3% when 50%
The two red points in Figure 6 correspond to genes 1856.bf the genes are essential, and 2.5% when 75% of the genes
and 1857. These adjacent genes are 1161 and 2085 bp lorage essential.
respectively, and overlap by 547 bp. The genes contain 24
and 29 transposon insertion sites in the initial 80% of their OPERONS
lengths, respectively. These include 11 insertion site$ th
are in the region of overlap between the genes. Such shar%%
'r.‘se”")” sites are somgwhat less informaltive t.han Iresert enes (called an operon) that are transcribed in one pidee. T
sites that are not in regions .Of gene over_lap, since lack of enes in an operon are always oriented in the same direction
mutant at a shared site provu_jes qurmauon that at least ON_ 1 d have very short( 15 bp) gaps between adjacent genes.
of the genes may be essential, while lack of a mutant at

) . s ) . %he insertion of a transposon at a site in an “upstream” gene
single-gene site provides information that that particgene b b 9

: : .within an operon can disrupt all downstream genes. (This is
may be essential. Thus, these genes, with many shared in- P b 9 (

i . . o Yometimes called the “polar effect.”) Thus, if genes 1, 2, ..
sertion sites, have somewhat lower posterior probatsiliie

bei tial th th ith ivalent nunib k, form an operon and gerieis essential, a transposon in-
€ing essential tnan othergenes with an equivalent NUMber Qg ;o iy any of the genes 1, 2, . k — 1, may prevent the
transposon insertion sites.

| this simulated le h h that th roduction of the product for genlg and so each of these
_ i summary, this simulated examp'e has shown tha enes will appear essential in a random transposon mutagen-
Gibbs sampler, on which our method is based, converge

sis experiment, insofar as no viable mutants can be olotaine

raplgl?{ttt(l) Its sttitlona_rytd|fstrr|]blljt|(.)n.t(.5(t).that thg re_swtthd:-_d even though their particular gene products may not be essen-
pend little on the point of chain initiation) and mixes rapi tial for the viability of the organism.

(So that the values at every 50th MCMC step are approxi- The key issue with operons in relation to random transpo-

o o
mately uncorrelated). The 95% credible interval for the-pro son mutagenesis experiments is a change in the meaning of an

) ) 0 . :
fhoert;(i)rrr:Slfa?;gepr:gzlogteigr?aﬁ?)s?.8 t0 51.5%, which Contam”Sessential” gene. A gene must be called essential if either (
0).

a transposon insertion in the gene disrupts the activitysof i
gene product leading to a mutant that is not viable, or (b) the
SIMULATIONS gene appears in an operon upstream of a truly essential gene,
In order to study the performance of our procedure for esand a transposon insertion in the upstream gene disrupts the
timating the number of essential genes, we performed a smadictivity of the downstream gene.
simulation study. We assigned either 25, 50 or 75% of the If the identity of all operons were known and this “polar
4204 genes, at random, to be essential, and simulated dagffect” were known always to be in effect, this would provide
on either 750, 1500, 3000, or 4500 mutants. For each proconsiderable information for the estimation of the oveped-
portion of essential genes and each number of mutants, wgortion of essential genes, as, for example, if a mutant were
performed 1000 simulation replicates. (Note that the parti observed for a gene appearing in an operon, all downstream
ular genes that were chosen to be essential varied betwegenes in that operon would then also be known to be non-
replicates.) For each replicate, we used every 10th of 20,00essential.

An additional issue deserving consideration is that of
erons. In bacteria, one often finds a group of adjacent

MCMC steps, following a burn-in period of 500 steps, to esti-  In the absence of concrete information on the identity of
mate the proportion of essential genes and obtain a 95% credperons, one may be concerned that the presence of such
ible interval. operons may bias the results of the methods described above,

The results of the simulations appear in Figure 7. Fig-but we believe that no such bias is introduced. Using the no-
ure 7A contains the estimated bias in the estimate of the petation from the Methods section above, the distribution of
cent of essential genebd,, the difference between the aver- the observed datdy, z), given 8 and the identity of the
age of the estimates across replicates and the simulated p@perons, doesiot depend on the identity of the operons:
cent of essential genes). Figure 7B contains the estimatellr(y, z | 6, operon$ = Pr(y, z | 0). If the identities of
coverage of the 95% credible intervaky(, the fraction of the  operons are known, such information should be used in form-
replicates in which the interval contained the simulatioorp ing the prior on@, but without such information, the perfor-
portion of essential genes). As seen in this figure, our promance of our method should not be unduly affected.
cedure is performing appropriately: the estimate is approx  In order to verify this argument, we performed a small
mately unbiased (though there is a small negative bias in theimulation study. We first attempted to infer the identity of
case of data on 750 mutants) and the 95% credible intervaperons in theM. tb. CDC1551 genome. All groups of adja-
has approximately 95% coverage. cent genes that appear in the same orientation and for which

http://biostats.bepress.com/jhubiostat/paperl5
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Figure 6: Estimated probability of being essential, given the obseérdata, for each of the 4204 genes with a TA site, as a
function of the number of TA sites in the genes, for the exanujaita. The estimates are based on the results of every 50th of
500,000 MCMC steps, following a burn-in of 500 steps. Gewesvhich a mutant was observed have posterior probability of
zero and are jittered vertically so that the points may b&mdjsished. The vertical scatter in the remaining pointsuigely

due to MCMC sampling error. The two points colored red, thatehan unusually small posterior probability to be esskntia
given the number of insertion sites they contain, are opeiteg genes with 11 insertion sites in their overlappingarg

no two adjacent genes are separated by more than 10 bp warsed every 10th of 10,000 MCMC steps following a burn-in
inferred to be operons. Of the 4250 genes, 1847 genes weré 200 steps. (This rather small number of steps was used in
assigned to an operon with two or more genes. There wererder to save computation time.)

739 inferred operons in total, with an average of 2.5 genes The results of these simulations are displayed in Figure 8.
per operon. The two largest operons each contained eigi Figure 8A, the bias in the estimate of the percent of essen-
genes. While little trust should be placed in the identity oftial genes is displayed. While there may be a positive bias
these inferred operons, they provide a reasonable stauctuin the case of a small proportion of essential genes, this bia
for a simulation study to assess the effect of the presence df less than 0.5%. Figure 8B contains the estimated coverage
operons on the performance of our method for estimating thef the 95% credible interval—that is, the percent of simula-
number of essential genes in the genome. tion replicates in which the 95% credible interval containe

Our simulation procedure was as follows. First, we chose}he simulated proportion of essential genes. The covesage |
rIeasonany close to 95%.

a fixed proportion of essential genes (either 20, 35, 50, 65 0 _ _
In summary, the presence of operons in bacteria affects

80%) to be essential. Second, we assigned this fraction of

the 4250 genes in the genome, at random, to be the essentfdf Meaning of “essential” in the consideration of random

genes. Third, we used the polar effect, with the locations off@NSPOSON mutagenesis experiments, but does not ingoduc
genes within operons and the orientation of the operons, t8i2S in our estimation procedure. While knowledge of the

classify additional genes as essential. (For examplesiege dentity of operons, with the assumption of the polar effect

5, 4 and 3 are in an operon, oriented so that gene 5 is up?—omd provide considerable information regarding the nemb

stream, and gene 4 is essential, gene 5 will then also be cladf €Sséntial genes, in fact few such operons are knowhfor
sified as essential.) Fourth, we simulated data on 759 nautant?- CDC1551, and the polar effect is not incontrovertible.
Finally, we applied our Bayesian method to estimate the pro-

portion of essential genes and obtain a 95% credible interva DISCUSSION

Note that the true proportion of essential genes was taken us
ing the final assignment of genes as essential, and congideri
only the 4204 genes that included at least one transposon i

sertion site in the initial 80% of their length.

Random transposon mutagenesis is a valuable tool for
identifying which genes in a genome are essential for the via
rE’ﬂlity of the organism. We have developed a Bayesian sitatist
cal method, using Markov chain Monte Carlo, to estimate the
For each value for the proportion of essential genes, weverall proportion of essential genes on the basis of data fr
performed 1000 simulation replicates. At each replicate, w a random transposon mutagenesis experiment. The method
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Figure 7: Results of simulations to assess the performance of tiveastin procedure. A. Estimated bias in the estimate of
the percent of essential genes. B. Percent coverage of thecBElible interval for the percent of essential genes. @rége

length of the 95% credible interval for the percent of theeaial genes. The intervals are 95% confidence intervakscbas
1000 simulation replicates.
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Figure 8: Results of simulations to assess the effect of the pressfim@erons on the estimation of the proportion of essential
genes. A. Estimated bias in the estimate of the percent ehéasgenes. B. Percent coverage of the 95% credible mitéyw
the percent of essential genes. The intervals are 95% confidetervals based on 1000 simulation replicates.

further allows the estimation of the posterior probabilitgt  tics, especially if one neglects the case of insertion sites

each gene is essential, as well as the posterior probatitity regions of gene overlap. If one ignores these shared sites,

a gene family is enriched in essential genes. the method can be quite simply described and implemented.
Application of the method to an example set of simulatedFurther, this method demonstrates the possible advantéges

data demonstrated that the Gibbs sampler has good mixingayesian methods and of Markov chain Monte Carlo.
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