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Molecular Approaches for the Measurement
of Density, Diversity, and Phylogeny

\yEN-TSO LIU AND DAVID A. STAHL

12
This chaoter considers the use of rnolecular rnethods for
di.".t measutes of abundirnce, diversity and phylogeny of
environmental populations of microorganisms. These molec-
ular methods are mainly based crn direct nucleic acicl
sequence recovery, genomic DNA hybridization, irnd nuclcic
acid fingerprinting. Although these methods in pirrt cann()r
be separated from fundamental questions (e.g., species c,,tt-
cept and molecular systematics) in ecology and micr,rhial sys-
tematics, full coverage of these interrelated topics is beyind
the scope of this chapter. Our primary goal is to pr,.rvide' a re :i-
sonably complete accounting of availablc technology irnd
associated methodological biases. This emphasis also results
in the exclusion of certain molecular techniqtres from
detailed discussion, since they have not bcen productively
applied to the description of natural systems.

NUCTETC ACrD SEQUENCE MEASURES
OF COMMUNITY STRUCTURE
There are three basic formats now trsecl to recover I)NA
sequence information isolated from either purc culture or
environmental samples: DNA probe hyhridization, restric-
tion enzyme digestion, and chain termination secluencing t-rf
cloned (or PCR-amplified) DNA templates. Thc f,rrmer
two methods are used to identify relatively short sequencc
elements. For example, restr ict ion cnzymes comtn,rnly rec-
ognize four to eight nucleotide sequence elernents. DNA
probes, with the capacity for single-nucleotide'mismatcl.r
discrimination, are usually around 20 nucleotides in lcngtl-r.
Longer DNA probes are commonly used to identify homol-
ogous targets but do not provide defined sequence infbnna-
tion. However, these approaches as well as community fin-
gerprinting techniques (see below) all have sonc basic
limitations.

Limitations on Recovery of Nucleic Acids
from Environmental Samples
The efficiency and representativeness ofnucleic acid recov-
ery (both RNA and DNA) from environmental samples are
fundamental concerns in all community studies using mtr-
lecular approaches. These issues have been thoroughly dis-
cussed by a number of investigators (1, 3, 47,115,150,
160). For DNA-based analyses, possible biases associated
with DNA recovery, PCR amplification, and DNA cloning

are well  recognized ( 160, 172). Expericnce in our laborato-
r ies has shown that, even when one uses nucleic acids
extracted from pure cultures, PCRs irre sometimes inconsis-
te nt. Ampli f icat ion of rRNA gcne sequcnces by using gen-

cnrl primers h:rs becn shttwn in some cases to exclude
important environmental populat ions (6, 160, 172). The
issires of l)CR-gcnerirted sequence hybrids (chimeras) and
the extcnt of sequence variat ion between rRNA operons of
indrvidual organisms rcmirin to be fully evirluated but can
bc partially irnprovcd through a PCR c,lnditioning step
(57). Thus, the proport ional recovery of specif ic sequences
cann()t be equatcd lvith abundancc.

For rRNA recovery, two irspects that are distinguished by
thc analytical approach are rcviewed hcre. The first is the
efficiency of extraction: what fraction of total nucleic acid
is recovered frorn the environmental matrix? For example,
although the breakage technique may disrupt all microor-
ganisms prescnt) recovcry might be reduced by degradation
or adsorption of nucleic acids to matrix material (e.g.,

clnys). The second considcration is representative rRNA
rec()vcry. f)oes the fractional recovery correspond to the
cnvir()nrnental irbundance of the corresponding nucleic
ircids prescnt in the environmentl For example, a popula-

tion resistant to breakage would be fractionally underrepre'
sented, or c,rnversely, an t:xceptionally easy-to-break micro-
organism would he o\rerrepresented. The use of a universal
hybridization probe to evaluate relative breakage efficienc-y
of different groups is discussed below. Even though
hybridization to cxtrircted nucleic acids should provide
more direct information on abundance, the meaning of
abun,lance as defined in molecular terms is very different
from established rnicrobiological criteria, based on CFUs or
dircct celi counts. Thus, cornparison of different measures of
total biomass should be very informative. For example,
phospholipid and respiratory quinone analyses might pro-

vide a relatively independent quantification of biomass that
could be related to nucleic acid-based measures (43,46,68).

Another important consideration is the suitability of a
method for identifying and quantifying environmental
nucleic acid sequences. Methods suitable for identification
may not be well suited to quantification. For example,
DNA restriction fragment length polymorphism (RFLP)

cannot be easily interpreted when applied to environmental
systems of unknown complexity and population composi-
tion. Techniques that rely upon the recovery of relatively
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140 I  GENERAL METHODOLOGY

in tac t  DNA (e .g . ,  fo r  PCR ampl i f i ca t ion '  c lun ins '  o r

,.r ,". , i"" . l igesi ion) general ly must. use less,Jisruptive

extraction techniques than Jo methods that anrlyz( '  Kl\11'

iiri, i, t".u.,te DNA is much more sensitive to mech:rnical

rh;;r i ; ;- thn; is RNA hv thc mosr Jisruptrve ()f  extracri()n

methoJ"s, for examplc' mcchnnicir l ly recifr()c:t l  :ni lKl l lg

*iii l^;il;** s.uai (i+2, 144)' These are somc aspects of

nuc le i c  Jc i J  r cc ( ) \ ' c r y  t ha t  mus t  h ( '  m ( ) re  l u l l y  r (  s r t l v cd

i , " f . . r - - - rn"  
"ppl icat ion 

of  any ntrc le ic rc id. technology can

hc  r . r t r t i ne l y  ap l t l i c J  t ( )  cnv i r ( ) nmen t i l l  s t t l J l c s '

Nucleic Acid Probes
Either DNA or RNA can serve as a nucleic ircid l'robc'
"H.r*"";;; 

i.t ^."*i.rv of technictrl reasons (c.'g''.errsc .f sy.-

;h;;i;;;i t;"bilitv),'rnost studies havc used l)NA probes'

i'h;;; ;;" t*o basic catcg.ries of flNA pr.'he'' firncti..al

and group specif ic. Functional prohcs t lrgctrt lg gcl les

;;;.rii;'.p;iifi. 
"r,,y*"' 

are used tL) e'rrltrrrte spccific

a-n"*iarT trunsfttrmnt i , tns ( rr fotcnti l r l  . l r t  t iv i t  y, I  r l  tnt iron-

- . " i , l i  n "nr fa t ions  (44 ,  b i '  i67) '  A l th "ugh thcy  rv r l l  r r t ' t

t i  t"". '?*ir t ' ;J: i ; . . t . i  in thrs ch'rpter '  f t tntr i . t t ; t l  fr t ' l r t ' :

o rnu i . l "  an  essent ta l  c ( rnncc t i ( )n  hc twcc t t  t l l c  t l t l l t ' r t  n l  l t t t l t -

i;;;t ; 
";;i;;"t"""iot 

cliversitv (phvlogenv ) :ru'l ecologv'

il;ii ';q";;',i* "." "r 
pi'l 'l"gen'iic sr()trls as'I tl""T:::ll

env i r onmen ta l  J i ve r t i t y  t r l t i t n ; r t c l y  mus t  i r t t  l t t ' l t  n t ' t t e  r

understanding of unifying phenotypic characttrlsttct tn,.c'':

cumscr ibecl  groups.  I f  cer ta in t ra i ts  l l re tounr l  t ( r  rLr luLt

t n " * f . " i . f t i f .  * i t h i n  , r  g r , , , , p ,  t hcse  t r r t i t s  s l t ' r u l ' 1 , * t r v t ' t "  he t

ter  re late cclmmunity st rL lct t l rc  lnr l  f t lnct l ( ) l ' l '  S() lne L 'x l l l l l -

; l ; t  . ; i  t ra i ts '  and . , ' t " '1 ' " " t t l i ' - tg gcl rest  c(rnscrvct l  wi t l ' r in

;hvl ( )ucnt t icr , l l ly  Jcf int ' ' l  grr t t rp '  inr l t tJ-c.  ' r " t t : )  : " t  
r r r l r ( )J l ( ' r r

i i * i  , i . , n  ( 4 4 ) '  N i - F c  h y . l r o u t n r t t c  ( l 6 i  ) '  c t l l t t l r t s ( \  w l l l l r r r

,u,r - , "  . " i tut , r ly t ic  assc 'mhlrrgc '  (67 ) '  ,  
ant l  t l iss imi l i r tory

i [ , i*ff i*^t. lt ictase (179)' Altl" 'ugh thc ernphasis .f this

.it;;;.; il; tnolccular, it is the lhtr\)typic refle'ri.n .t tu.-

i...iirr^ai".lJ;;,1*i must rc rn;ri n rhc i'.tral t t rt'ts icleritti.u

i n  cnv i r r  I nmcn t r t l  t n t t  r t ' h i t ' l t ' g y '-  
( 1 r , , . ' n - . n . c i f i c  ( l t hy l t t gc t t c l i c  t t r  t i r x ( ) n ( r l l l , i (  )  f r ( r h r ' \  ' l c l I -

. r " i l ; , , ; ; * . i  . , , ^ ' . * . : . f ' r ' i " p " l ymer '  t l t r t t  t : r t r  he  r r ' e ' l  t o  t t t l t r

nhv logene t i c  r t ' l l r t i t r t l s l t i l s  i l l n ( r nJ l  l he  l l o \ [  ( ) rH i l n l i l n s  \  ) '

i + i t . ,RNn  i s  t he  m , r s t  r r . i . l r l y  r r : c . l  t i l r , l e (  l n ( ' l r L i l l ( ,  i l n r l

;lJ;r :;;";"r;ilJ u' t"'!i"' phvl.senetic grotrps .f 'lif-

i " c r i ng  ev t t l u t i { ) n i l r y  ( l i v c15 i f y '  i n  t r t hc r  wo r r l s '  l { r  l \ r ( r \ l ( l e

. ) ( " r ' '? , ,  ; ; ; ; " t . ; , i f  a( 'murt rn i tv  i t  ructur t  r r t  J i f fcr (nt  l t ' r 'c ls

:,?i":,;ir;i';:]i,r"" ivr" "f rRNA :rr( c( '|rnm(rn t1' 11r1, f it"-
s . rme .  o f  f r ( ) k l l r y ( t l c \  : t n t l  t uk l r yo t cs :  l l t c .  l h5  (  l x )  t t t r

;;i;;;;;i: zl-s,'n".1 ss inNn'' Since thc.larger rRNAs .f

;iil; 
t;;i,,.)^,i"J 

".*r 
t"*" prokarvotes differ .sign ifi cantlv

in size, the terms srnal l-subirnit  (SSU) rRNA antl  large-

r"f-l..r"rl ir-SUl tnXn 
".. 

''t'"d to refer to the 165 ( l8S) and

23S rRNAs, respectively'  in this.contr ibution' For n virr iety

"i,".n"i.,ii 
oni p.n.tittil considerations (size ' infirrmation

content, irncl ease of sequencin-g)' the 'SSU rRNA I'ras

;;;;;;' th"-.t",,d,t,d -"tt'ut" fcrr de{inrng phylogenetic

^iftttniio". Well over 160,000 SSU rRNA se(luences are

".r* ""^ii^ff. 
in the Riboior.al L)atabase Project drrttrh'rtc

(httn:/ /www.cme.ms., 'et lu/RDP) (19) along - 
with other

i l ; " '#.  i ; ; l iu "" . t  
55 rRNA seq(rcncts (74'  146'  157'

158) .  anJ  the  numhcr  o f  sequences  is  rap t t l l y  lnc rcas lng '

Thev have providec'l fhe most encompassing ot ]villt:lbte

*;i;.;i;H."works to explore natural microbial diversitv

"nJ  
nhu loe"nY 150 '  I  l0 '  140 '  166) '

"" 
T-h;i;:;' i*,-, uori. formilts for using phv-logenetic

"t";;;; 
sirdv th" environtncntirl distribution of microor'

!"iltt*i. i'i-," .t. nvrtiai*'ion- 1o- 1m.al rRNA extracted

frorn the envirc,nment (1i4, 116-118' 144) i ' rnd hybridiza-

tion to whole cells for suhsequent microscopic visuirlization

;J;;;;t^tion. Nevertheless, a full presentation or

il;t";ct;'h;;'i*" *"rn"a' and the rRNA-targeted probes

"r"J*.rrJ 
require extensive referencing of recent applica-

t ions t() cnvlronmenlar, Jiugnostic '  and t leterminative

;;t;;r.h. In this regard, the reader is directe-d to recent

t"t t"*r ' t+, S , l l ,  i42,166) and references"therein for a

more complete description, and we apologize tor any excep-

;,,;;;;iJ;;r.-rhJ r.,ttn*ing review is intended to pro-

';ii;-;; ;;."iew of kev consiierrrtions trn the design and

ontimization of rRNA proi.,.s i.r the quantitative analysis of

nirtural sYStems.^""i,-,- 

"Jii,..,n, 
the use c'f total genomic DNA probes is

.. , ; ;h.; : ,*g,,ry , ' f  gr," ' f  -spccif ic prtthes for specics-level

iil"iii.",i"ti' (..g.,' '""""" sample sen)lIe. 'probing
iRiGPD';'"l * iiri"tt.a-n"iow in "Genomic DNA Hvbridi-

l*l.,rt il't""rutes of Corntnunity Structure'"

Phylogenet ic Probe Desig
Th" 

".r",-tti"l 
attribute of the rRNAs with regard to probe

i"tig" i. ift" regi.trirl conservtrtiot-t of nucle.ticle sequence'

liiil.",e1-,....,"'"rril ..',,'t."'u"tl in sequence' these biopolymers

exhihit  grcat virr iat ion in regit lnal .sequence 
conscrvation'

i..,,rr" ,-t'.Lt",r,ide positions and locales have remained virtu-

;,iit' ;:h;;;-;J ,i... the clivergence .f iill existing life (uni-

i:l;i'.:.;;;;:;i;-;h.;""' nih""'gi"n' v.rv so qu-icklv

,n,,i ,f- i,* f. r.t..'.t 
"' 

clifferenti:rte among sp-ecies of bac-

i."i.. i . lr.fal, ion, the gc"cr'rl ly high c"lty.number of rRNA

ler cell lcncls greater sensitivity to direct detectitrn that uses

hybri. l ization technigu.es'
An cxtenstve set tx prohes (-15 to Z5-mers) has been

,i"'i;J';;';:,,*pl"''"^, the rRNAs (5' 142)' and among

in"il 
" 

t,,.*. fracti,rn has bcen collected in two different

.i,,;;h,tr..t 1i, rp'77r"*'"' t're' msLr' ed u/C)PD/ and http ://www

;;:;;;"]";ii ii, zlt' Probes varv acc.rding to the resion

,jiil" t""f..,,i" r.l.tt"tl as the hybridizati.n t:rrgct' The

,"roci ,.ui,r^ .lcfincs the divcrsity of. organisms encom-

t' i, i ..r 
'r 'T 

"'r '"r"l 
irt"i" ' ' 'pccrfic' prr'hes trsu.l ly c.mple-

tne t r t  t l tc  n l r r : t  v i t r l l l l - lc  ' "Hi t ' "  Mt ' ic-gcneral  prohes'  i t len-

l i [ v i r r r :  nhy l , , g ( ' l l t ' t i c  g r ( ) u f s  t t f  r ank  ] l r e r l l c r  t han  spec les '

i , , ' f ; . i ' , \ ; ; i :J; ' ; ; . i  r t 'g i .ns "f  
the m"leculc (142'  144'

iOBi. ff.r. publications Jlcrihing the Jcvcl'rpment of SSU

,nt i ,a pr"f,"t  f trr  cl inicrr l  l rr  cnvir()nnrcnral appl icattons are

tnuch too numerous to address he rc' Thus' w.e will not dis'

. t" .^i f-r" t  - i"  spccial ized applic 'r t ions btrt  wi l l  l i rni t  discus-

sion to the more g.tt" '" i  t l"* t t f  pnthes' Since.these probes

,,- 
-.f 

"ttg""A 
,., .,-ttt'']ptt" larger. phylogenetic groupings'

;h.;; be usecl to provide a phylogenetrc-overview to

c.mmunity structure. iig,"" r 
'p'""1''* 

.t, y"ty general

,-..ti.t" ,if ,f.re charactcr .t probc tlestgn u'ttntn a phy-loge-

,'r.ii. ii"*"\vurk. It is 
"'-' 

ittct'*plttt.rt'presentation of gen-

.; , , i ; ; ,J.. t ,  rnJ the rtrtJcr is Jircctcd ttr  an onl ine resource

i  ;; i , i .:;,;:: i ' i , i , 'nl *, '*,-"n-t t r-t latc'rnJ completc l ist ing trf

1.", 'r ' .- ' i i-. ' , '  a,l l***l.,tt ic"'hi"l 
-ect-' logy'nct/probehase/)'

Probe Character izat ion:  Phylogenet ic

Nesting of Probes

An esse"ntial irspect crf probe development is the demonstra-

tion of target group sp'ecificity' To tu-" extent' this can be

,.lemonstratecl 
"*pi,itoliy 

by using a- collection of target and

;;;;;;;;'[i; u..rd' * fixed reference cells for

stu. l iesthatuservhole-cel lhybr id izat ion(5) .our laborato-
,i".- 

""J 
|:r,f"t.rs have routinely used a panel of diverse

,ilNitl'pittl,,gtii;'l to characterize new -probes 
(25' 66'

1 18). l'rior to an evatuation by using,the reference panel' it

ir^.rr."ii.r that the t.',"ptio"it" of iissociation (Ta) of the

I
t
i

t
:
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Archaea

haeota ttomh Prcb8

KhrgdoD Probs
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Uethtnogen , eac.

Bacteria
Domain Probes

Nonsulfur Bacteria

teria and C'hloroplasts

- Gram-positive Probe

Hbh e+C Gtuup Prcbe

-Positives

Cyt o p haga - F bvob ac terit m P ro be

Betq.*les PTobGster

Spirochaetes

Planctomyces/Chlamydia

& Epsilon sutrdivisions
Proteohacteria Subdivbkm Probes

GeNt & C.Np-.p@ifrc Probet fq

Sul',ae-rcduciog beteria

Mebl-reducing bacteE

Meahy|oarophb bacteria

NitnfE.t, etc.

subdil'ision

' .Be ta  &  ( ianrma subd iv is ions

FIGURE I  Part i l l  l is t ing of  group-spcci f ic  probes i r r  re lat i txrship to prok:rryotc p l ly l , rgcny.  The phy-

l , rgeny was aclapted by Stahl  ( I  i9)  using thc mrxinrum l ikel ih,x,J r r r l r l ls is , r f  ( ) lscn,  !7, ,esc,  arr , l  ( ) r 'erhcek

(107) t , r  provide thc re lar ive l r r lnt :h ing orr ler , r f  the mrr jor  proklryot ic  l in tages.  Thc pr t ,bcs f i r r  the indi-

cuted rarger groul .s h:rve t .een t l rscr i l .e, l :  ' r rc l t , rUr l  LLrrnain ( i8,  I  1s,  141),  b:rcter iu l . lOn)tr in (20,  18,  142),

archaeal  k ingd6ms (15),  granr-posi t ive () rgr l r ) isr l rs  (S.  I r :c  i rn. l  D.  Stahl ,  t rnpuhl ishe, l  c lata) ,  low-() f ( l

grirm-positiyc grgrrnisms (88), high-(; { O gnun-positit'c orguttisttts (122), O-'-tophzr.qd-Flrtrrbacteriurn anil

Bcctergidcs (81 ) ,  prgtegbacter ia l  sLr l - , l iv is i , rns (82),  sul f i r t t - ret luc ing hr tcter i r t  (25),  rnethylotrophi t :  l r l lc tc-

r ia (14,  154),  ant l  n i t r i fy ing bactcr i i r  (89,  165).  The rc l r lcr  is  rctcrrcJ t ( )  thcst  referetrcts f i r r  ntore col t r -

plete descriptions ,rf probe ilesign arl.l chltrltctcrizittitxr.

probe/target complex he expcrirnent:r l ly t leterminetl  (5,

142).lt is generally insufficicnt t() use one of thc irr.'ailrrblc
formulas to preclict Tt042). Also, the temperirtrrre inten'al
over which prohe dissociates frorn the target RNA varies
considerably for probes having cor.nparable 7,1s. Kr-rori'letlge
of the temperature range over which disstlciation ()ccrlrs is
essential for adjusting hybriclization conditi()ns rts nec.letl t,r
discriminate between closely related nontarget spccics
rRNA. Thus, the initi:rl T; chari'rctcrizirtion slror.rltl inclutle

closely related nontarget species rRNA directl)' cxtrirctetl
from pure cultures or synthesized by in vitro transcription of
SSU rRNA clones (22a, 89, i  1l).  An indeper-rdent T; eval-
uation must be used to characterize probes use.l fbr u'l-role-
cell hybridization, since there may be a significant tliffer-
ence between the T,1 values and transition temper:rture
ranges determined for the same probe by using diffcrent for-
mats such as membrane examination, rvhole-cell hybridiza-
rion, and DNA microarray.

There is a limitation to an empiricai characterization of
probe specificity. If we have only a limited appreciation of
microbial diversity, it is impossible to construct a reference
panel to unequivocally dernonstrate specificity. Hon'ever,

thcrc arc u ctruplc ,rf acltlitional tnethods to further cvaluate
the situation. The f irst is to use mr-r l t iple probes, e:rch hirv-
ing the sanie tirrget group specificity, to tltrantify a single tar-
get populir t ion. For cxample, two probes f irr  the dornain
Archaca (l lE) u'crc usecl by Dclong and coworkers to inde-

lenrle ntly ct,nfirur estirnatcs of high arch:real :rhundance in
Antarct ic rvaters (22). Botl-r probes hybridized to the samc
fraction of SSU rRNA extrircted from these wirters. The
sec,rn.l approach tO probe Valitlation tirkes advantage of the
pl 'rylogcny. As alrca.ly noted, i t  is general ly possiblc t tr
construct probcs ftlr phylogenetic groups of various evolu-
tion2rry depths. These probes are of a hierarchical specificity
and havc been describecl as beirrg "nested." The use of a
nestec'l set of pnrbes to charactcrize envirtlnmental diversity
provides ye t iinothcr consistency check. If the morc specific
pr..rbes fully reprcsent the larger phylogenetic group,. then
ih" r'.,trr of the specific probe hybridization values should
equal that obtained by using the more general probe. For
example, the sum quantification obtained by using a com-
plete .set of species-specific probes should equal that of the
iorrespcnding genus-level probe (114, 116'118, 144). This
apprc,ich was used to identify a novel lineage ("species") of
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cellulolyt ic bacteria in the ecluine cecurn (66) antl  u'as fre -
quently usecl to evaluatc consistency between domain-
probe summation anc'l totiil popuiation abu'rdance derer-
mined by using a universal probe ( I  l6).

General cirveirts relat ing to the use of phykrgenetic
prohes include the fbl lowing: the prohes are tools subject tcr
refinement through experimentation. Only through general
application ar-rd cornhinati()n use with other methods of
community analysis wil l  they be ful ly evalui l tet l  or, as ncces-
sary, refined. Also, the resolution of the SSU rRNA probes
is approxirnatcly at the level of species. Questions rel:r t ing
to the irhundirnce und distribution of subspecies irncl strains
u'ill require the combination of tlifferent npproirches antl
methocls (e.g., f luorescent antibo(ly techniqrres). Anotl ' rcr
concern relatcs t() the extraction of RNA f iom cnviron-
mentir l  samplcs. Alt l iough resistant to nrcchanicrr l  brcak-
age, RNA is Irotc suhjcct to clegmtlirtion tltrring an.l follow-
ing extraction, general ly as ir  c()nsccluence of en.logenorrs
nucleases or nucleuse c()ntaminati()n. ()rre consecrrrence of
part ial  degradation of sarnl-, le is vari ir l . lc destructi i rn , , f  . l i f -
ferent probe target si tes. For exunrple, orrc of thc rcgions
used irs a targct site for hybridiz:rtior-r to u "univcrs:rl" prohc
is very sensit ivc t() ( iegradation (120). Thus, f i rr  metl ' rocls of
quanti f ic2tr iol t  t l ' rat use extracrct l  rRNA, i t  is essenti :r l  that
samplc intcgri ty be e,, 'aluatet l .  This is m()st conveniently
accomptl ishecl by using acrylanrir lc gel electrr4.h( 'rcsis r.)
clernonstrate recovery of high-rnolccular-rveighr spccics ( l ,
3, 128). Furtherrnorc, the probc target posit ion r.r ' i t fr in rhe
rRNA sigrr i f icantly affects the l .rybridizatirn eff iciency urrt l
specif ici ty rvhcn Lrsct l  f i rr  hybri t l iz l t ion to u'hole cel ls, c.g.,
f luorescencr in situ hybridization (FISH) (16). Basctl  on a
systernatic lrr-r ir lysis thirt  r .rscl l  i71 nucleotide probcs (nr,rst ly
l8-mcrs) t() enc()mfirss the SSU rRNA of E.scherichirr col i ,
the hyhrit l izat iorr signal (f luorescent intcnsity) obtuined
from u'hole -ccl l  hyhri t l izat ion rvrrs slrou'n t() vary as nirrcl i  i rs
75-fold am,rng prol-res. Analysis of sigr-r:r l  intensity rcl :r t ivc
to trrrge t p()sit ion suggested tfrat hybridizrrt ion intcnsiry u':rs
highly rclatcd to l-r igher-or. ler stnrcrure r i ' i thin thc rRNA
and corr l . l  be classif ict l  into six dif fercnt "brightness" rcgions
(16). This ir-rf i rrmrrt ion is vcry trseful f i rr  probe design with
commerci ir l  p:rckngcs or frcc softu'rrre avir i l lble ()n the
Internct (c.g.,  ARLI) (76) and for improving the whole-cel l
hyhridizirt ion signal (35). For exumplc, by use of unlabelet l
ol igontrcleoticlcs ( irelper prttbes) a. l j i rccnt to thc r i l rger
region of ir  f l rurrescently labeled prohe. in u'hole-ccl l
hybridization, the hybriclization efTiciency could he inrprlyysi
signif icantlv wit l ' r  i ln enhi incement of signal intcnsit ics
varying frorn 4- to 25-f<rld (35).

Restriction Enzymes
Thc most colnmon frrrrnat firr using restrictir)n enzyllres rr)
define environmental di.,'ersity is to combine cligestion ancl
fmctionation of DNA extracted frclm an environmentirl srrm-
ple with hybridization by rrsing nucleic acid probcs comple-
nlentirry to conservecl genc sequences comlllon to all or many
of the organislns present in the sarnple. The gcneral firnnat
was first clescribed by Soutl'rem antl is often rcrrncd
"Southern blott ing" ( l l7). The rRNAs arc optirnal rargers
for l .rybridization (r ibotypes) (41), but ot l .rer conserved ele-
ments irlso havc becn usetl f<tr envircnmental studics (e.g.,
nitrate rechrctrrse and formyltetrahydrofolirte syntherrrse ) (/2,
115). In appl icrrt ion, rcstr ictet l  DNA is sep:rrated b1' si :u tu'r
an agarose gel :rn.l transfcrrcd to a rnenrhrane suFp(lrt fi,r
hybridization u'ith rirdiolabcled probe or :r lirbel appropriate
for use with one of a variety of nonradioactive detection for-
mats (e.g., digoxigerr in) (142). The result ing popul:rt ion of

different-sized DNA fragments hybridizing to the probe is
then used to infer relationshios between individual isolates or
rcs,r lvc Ji l{erent environmental ptrpulat ions. The separation
,lf genes derivecl fiom different populations requires that they
dil{er in sequence at the sites of DNA restriction or differ in
length of DNA flanked by common restriction sires. For this
reason, more than one restriction enzyme is generally used for
restriction enzyme analysis and the resulting size distribution
patterns (banding pattems) are compared.

RFLP analysis has been used to characterize extracted
total L)NA (164) or specific PCR-amplified DNA (92).
Secluence diversity is evaluated by digesting the native or
arnplfied DNA witl-r a restricricin endonuclease(s) followed
by size fractionntion by electrophoresis on an agarose or a
polyacrylarnide ge1. The separation of genes derived from dif-
ferent populations requires that they differ in sequence at the
sites of DNA restriction or differ in lencth of DNA flanked
by comrnon restriction sites. For this reason, m()rc th:ln one
rcstriction enzyme is generally used for RFLP analyses.

The prirnary use of RFLP analysis has been to evaluate
sequence variat ion arnong rRNA gene sequences. This
gener:r l  method is sometimes termed "ampli f ied rRNA
restriction irni,rlysis" and is commonly used to estimate
divc-rsity arnong different microbial isolates (60) or rRNA
cloncs recovered frorn the environment (92). I t  requires the
use of PCR primers complementary to conserved regions of
the SSU or LSU rRNA genes or the 165-215 intergenic
regions (87) and high-resolut ion agarose gels to effect ively
seplrrirte fragmcnts with length down tt'r approximately 50
bp. ( irnrputer-sirnulated RFLPs on 106 bacterial SSU
rRNA secluences from representative bactcrial phyla indi-
c?rrtl thirt combined RFLPs of at least three separate diges-
t ions ' , i ' i th tetrameric restr ict ion enzymes ( i .e.,  four-base
recognit ion site) arc required to resolve those bacterial pop-
ulat ions to the genus level (median sequence identi ty
< 96.1?,) (93). Thc eff icircy of detecting and dif ferentiat-
ing bacte'r ial  rRNA genes is dcpendent upon selection of
:rpprt4rriate restriction enzymes, since the RFLP patterns are
not rlue to truc restriction site polymorphism but result pri-
marily from inscrtions and deletions in the SSU rRNA
sequence (11). A mir jor l imitat ion of this approach is that i t
is very time consuming and cannot he used to screen a large
set of isolates or ckrnes in a cost-effective manner.

RFLP has also been used for the irnalysis of environmen-
tal DNA. For cxample, restr ict ion digestion of rRNA gene
sequences recovered by PCR trmplification cirn produce a
banding pattern ( i .e.,  band numbers and intensity) that
servcs as a fingerprint of the community. The fingerprint
provides a quick assessment of genotypic changes that may
result frorn temporal or spatial changes within a habitat
(86). RFLP can be combined with hybridization by using
group or functional prohes to better define microbial diver-
sity in an environmental sample. However, this approach is
of limited use fcrr demonstrating the presence of a specific
phylogenetic group or for estimating species richness and
evenness, since each SSU rRNA gene amplicon crrn con-
tr ibute to rnult iple restr ict ion fragments (93).

Tir further apply restriction enzyme for quanritarive
analysis of rnicrobial community srrucrure, we highl ight a
new method that utilizes the endonuclease property of
RNase H to cleave the RNA strand of RNA-DNA hvbrid
duplexes :rt  a specif ied site into two fragmenrs (156). The
first step of this method is to direct the cleavage site of the
RNase H on RNA molecules by hybridizing the target RNA
with an olignucieotide probe or "scissor" probe. After the
formation of DNA (i .e.,  scissor probe)-RNA hybrids,



RNase H is added to cleave the RNA strand at tl.re probc'

binding site, followed by quantification of the clcave.l I{NA
and intact RNA by using cerpillary elcctr,rphorcsis s1'stens.
By varying the hybridization condit ions (e.g., fornarni. le ),
the digestion reaction, ancl probe specif ici ty ( i .e.,  perfect ly
matched versus mismatched), curves ftrr cieavage efficiency
of the RNA strancl of perfectly matche.l anci tnistnatch
probe-RNA duplexes with respect to formamide cotrcentra-
tions can be produced. By selecting :rn optinial fbrrnemitlc
concentration, RNase H is shown to clcave tl-re RNA strantl
of perfect ly rnatched duplexes but not misuratched
duplexes. By usc of rRNA-basetl scissor probcs at tliffercnt
levels of phylogenetic spccif ici ty (e .g.,  dornain, grott1,,  r tnt l
specics), this mcthocl rvits demonstratcd to strcccssfirlly
ouantifv bactcrial :rncl archireal fractitlns ln rno.lel llllLl c()l1l-
pl"* .,rit-ut-trt-tities irnil to detect a specific rnicrohiirl 1.,rpull-
i ion (>1 or Z'% of total rRNA) r.vi thin a microbial ecosvs-
tem. The sensit ir . , i ty of detection :rnd quanti f icat i txr of
microbial populat iot.rs is reported to be clependcnt orr (r )  thc

use of high-quali ty intact rRNA cxtr i lctc. l  fr ,r l ' t r  the et lvi-
ronments studicd, ( i i )  the mismatched posit ion t, f  tht I totr-
target rRNA urolecules, antl  ( i i i )  the resolutton of clcc-
trophoresis systcrns f,rr smir l l  cleavecl rRNA 1r:rgtrtet l t t
(  1 5 6 ) .

Direct Sequence Analyses of SSU rRNA
By firr, tl'rc sequence infirrtnatittn most colnlnonly extractcd
from natural systelns is that for thc rRNAs. Thcrc rrre thrcc
basic methocls to recover rRNA seqtrerrcc i t l fortt l : t t iutr l r tr tn

nucleic acid extractei l  from envtronmentnl sanrplcs (scc rcf-
ercncc 124 for n cletai lcd descript ion). They are ( i)  slrorgtrn
c lon ing ,  sc reen ing ,  anc l  se t luenc ing  (10( r ,  I  10 ,  129) ;  ( i i )

cl)NA cloning an,l  sequencing of rRNA (168); antl  ( i i i )

PCR ampli f icat ion, cloning, irncl seqttencing (6, 166). Thc
PCR-based metho.ls can use either DNA or RNA irs tcrl-
plate, the latter requir ing the ust: of reverse tr iulscri l t : tsr '  t ,  )

g".r.r"t" cl)NA from rRNA. These sctluencing approacl'rcs
al l  requirc the scre cning :rnd analysis of large clone col lcc-
tions. The screening ttf ir shotgun library deriveLl fr()lr) t()tal
environrnentnl DNA is the tnorc dif f ictr l t ,  sincc only a snral l
fraction of thc ckrnes contain pirrt or all of the rRNA gcnc,

occur r ins  a t  about  0 .125 to  0 .Jo l , , r f  the  c lones  (129) .  Thcy
cirn be identi f ied by hybridization, f trr exauplt '  by using
total rRNA derived from the envirttntncnttrl sarnplc irs
probe. Alternatively, DNA prohes targeting fr ighly con-
served regions of the rnolecule (phylogenetic probes) rnay
be used. This first screening step is gct-rerally not llecessary
for PCR-based recovery methotls, since the lt-rajority of
clones wil l  contain rRNA sequences. The seconil  phrrse of
the analysis is the elimination of redunclant cloncs in orcler
to ar..oicl expense and time assrtciated with unnecessary
sequence deterninations. A variety of approaches ha'u'e
been uscd to identify redundant cloncs, using or combining
the following strirtegies: c,rtnplete or single -ntrclcotide

sequencing of a small  variable region, species- or group-spe-

cific phylogenetic probe screening, restriction analysis, an.l
denaturing gradient gel electrophoresis (DGGE) (97, 106'
166). A more recently described method for rapid seclucnce
analysis of rRNA sequence types in environmental samples
employs a series of enzymatic reactions to arnplify and ligate
shcxt sequences (sequence tags) from a variable region of the
rRNA gene. The ligated products, each containing as many
as 20 slquence tags, are then cloned and sequenced. This

approach, termed serial analysis of ribosomal sequence tags'
provides a much higher-throughput survey of sequence diver-
sity but has the associated limitation of recovering much less
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seLtuencc informirtion for each IRNA variant (59, 100).
The resolution of the different screening techniques

must be balanced against time irr-rd expense associated u'ith

cach strategy. This determination can be madc only in con-
siilcratiot-r of community tliversity (number and frequency
of different rRNA genes) and research objectives. The gcn-

erirl approach as devekrped for community-level analyses
based on rRNA secluence content could be applied to any
biopolyr-ner of appropriute conservation :rncl community
rcf fesenti:lti()n.

GENOMIC DNA HYBRIDIZATION MEASURES
OF COMMUNITY STRUCTURE
Ccnomic DNA hybridizirt ion is rnir inly usecl iu bircterial
systetn:rt ics to determine t l ' re clegree of genetic sinri I l rr i ty

lx'tu'eeu gcnouric I)NA setluences and thus providcs lim-
itecl infrrrnrat ion of specif ic secluence content. Thc extent
to u,hich thcsc nrethods can be used to identify indiviclual

|olLrLrt ions ()r to cst i lnate gctrclmic diversity (total numbcr
of . l i f fercnt genornes) in a microbial community varies with
lncth()cl,  genornic diversity, und the i t fctrementioned ques-

t ions of micnrbial species definit ion. Tu'o mcthods are
intr,rcl trce'd.

RSCP

RS(lP is developcd by nssuming t lut the entire genome of a
nricroorgunism can lre use.l as a specific probe for its detec-
t ion in the environment (for cletai led review, see rcference

{l]). Wholc-genotne probcs hrtve heen usec'l to detect
Mycobactcriunr, Mycoplasmr t, Chlurny dta, Bacteroides, P seu'
domr.,nrn, .sphirrgonvrnas, and Campllobacter spccies (7, Zt3,

29 ,49 ,91 ,  114,  169) .  I l .S( lP  rc r .c rses  the  usua l  re la tk rnsh ip
of sarnple l)NA rurd l,robe. Thc genornic l)NA from differ-
. ,r , t  referet,ce organistns is r lenattrrecl and immobil ized on a
rnernhrrrnc support,  the rcference panel. DNA extracted
fi,rrn thc cnvirotunent, coutaining atr ttnknctwn diversity of

orgirnisrns, is rirndontly labe led nnd is hybridiied to the ref-

erencc panel. Untler con.l i t ions of high str ingency, wholc-
g"r., , , , , . :  probcs l iybri t l ize only to iclentical or closely related
genotypcs at the lcvcl of species or subspecies. For example,
when a ref'erence pancl of DNA from different sulfate-
rc.lucing b:rctcria was hybri.{izcd with randomly labeled
genomic DNA from any species represented on the panel,

only self-hybridizirtion or hybriclizirtiou with nearly identi-
cal isolirtes rvirs obscrv€d (162,163).

The following over','iew aildresses only key technical
consit lerat ions (161-l6l).  The method requires the
antecedent isolation of reference organisms from the envi-
ronmcnt. (lhromr-rs,lnal DNAs itre then isolated from the
ditTerenr strains, tncasured am(tullts are applied to mem-
branes, an.l cross-hybridization atnong strains is evaluated
by using "str ingent" hybridization condit ions that are

empirically definecl by tl're researcher. Strongly cross-
hybridizing L)NA preparatitx'rs could be combined and
treated as the same standard (either a single species or a set
of closely related species). Different reference standards are
btrcteriai genomes that generally show undetectable cross-
hybridization signals under stringent hybridization but may
havc an arbitrary DNA/DNA hybridization homology
belou'or above 707n as used for the "species" definition.
The stan.lards are then used to prepare a master filter, using
bacteriophage lambda as an internal control. The amount
of genomic DNA applied to the membrane varies with ana'
lytical need. For example, Z0 ng is needed for analysis of
f)NAs obtained from pure or enrichment cultures, whereas
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200 ng rvas appropriate for analysis of total communiry
DNAs reportec'l in one study. A reference concentratir)n
series of bacteriophage DNA is applied on rhe same mem-
brane (e.g., 10, 20, 50, or 100 ng). Sample DNA (ca. 100
ng) and lambda DNA (ca. 200 pg) are cornbined, boiled,
and placed on ice. A probe is prepared by random hexamer
labeling by using [ct-IP]dCTP and Klenow polymerase.
Following denaturation, the probe is hybridized ro a master
filter under stringent conditions. Following washing of the
filter under defined condirions, bound probe is ciuantificd
(".g.,  by using autoradiography), and the fr ircr ion of com-
munity DNA composed of individutrl component gcnomes
(representcd by the individual referencc DNAs on the mas-
ter membrane) is calculatecl from the hybriclization to indi-
vidual DNA stanclards relative to the lamhda reference
series (161). This practice assumes that the l trmbda DNA
and environmentally derivecl DNA present in the probe
mixture are lnheled to the same specific activiry and
hybridize with comparable efficiency. C)ne possible concern
is that impuritics associatecl with the environrnentirl t)NA
may influence bcith relirtive labeling ancl extcnt of
hybridization.

The technique was f irst appl ied to the analysis of micro-
bial populat ions associared with oi l  f ielcls ( l6l- l6l).  RS(;P
revealed a significant difference between planktonic ancl
biof i lm-associated populat ions in oi l  recovery sysrelns.
Planktonic populations werc lnore cliverse antl clrminatctl
by organochemotrophs. ln contr irst,  hiof ihn populat ions
were typically clominated by rxrc to three populations of sul-
fate-reducing bacteria frorn the DesulfouiLnioncccae, wirh
much lower representation by organocireln()tr()phs. More
recently, this tcchnique wirs used to cvaluate the inrprrct ot'
pol lutants (e.g., benzene and toluer-re) on soi l  poprrlat ions
(49, 134). ln these studies, a mastcr f i l ter rvas f irst prepare.l
by spotting genomic DNAs of bacterin isolatcd frorn tl'rc
contaminated soi l .  L-ross-l ' rybridization am()ng these bacre-
r ia was f irst cleterminecl to nornral izr the environmentl l
hybridization patrerns. This stucly clocumcntcd a cleirr
impact of the pol lutant on community structure anrl rneta-
bol ic state of the syste rn.

The RSCIP techniquc is ndvnntagcotrs in that, ()ncc :rn
appropriate microbial survey of the target environrnent hls
been completed, milster filtcrs cirn he preparcd rapidly irnd
economically in large numbers. These filters can he sroretl
indefinitely for immediate use when nerv sample [)NAs
become available for analysis. Further, thcse rnirster filtcrs
can incorporatc newly isolated bacteriaI DNA by spr)rr i l tg
on side strips that are hybridizecl with the sarnple [)NA
probe together with the master f i l tcr.  Consequently, r()Lrr inc
screening of sarnple DNAs against ir large nurnber of differ-
ent standards is feasible when ir large ser of sirmple I)NAs is
simultaneously prepared.

A disadv:rntage of the technique is that, although the
actual assay does not involve culturing, the microbial conr-
munity is described only in terms of i ts culturable c()rnpo-
nent. lt generally accounts for a very small portion ttf the
bacterial populations in a given environrnent. The calcu-
lated fractions can also be subject to systematic errors even
though RSGP has good precision. For example, the calcu-
lated fractions are sensitive to lahel allocation to sar-nple
and internal standard DNA (i.e., differences in specific
activiry). Furthermore, since detection sensit ivi ty , , f  RSCP
is defined by the extent of cross-hybridization of the stan-
dard DNAs, low-abundance populations that hybridize
below this experimentnlly defined threshokl may nor be
detected in the presence of relatcd organisms.

DNA Reassociation
The measurement of DNA reassociation kinetics was ini-
tially used to evaluate genomic sequence complexity,
revealing repetitive DNA elements in the genomes of
higher eukaryotes (11). More recently i t  has been used to
assess the diversity of natural microbial communities (152,
153). Community-level DNA sequence complexity, as
inferred from the rate of DNA reassociation, is related to
population complexity. This measurement of complexity is
a function of the concentration of complementary strands.
Under defined conditions, strand reassociation follows
second-order kinetics. Thus, the rate of reassociation is pro-
portional to the square of the nucleotide concentration of
homokrgous DNA strands. At a given concentration of
total I)NA (molar concentration of nucleotides in single-
stranded DNA [ssDNA]), increasing genomic complexity
(lirrger genornes, larger numbers of genomes, and fewer
repeirt elements per genome) results in a reduced concen-
tration of complementary str'.rnds and a correspondingly
reducecl rate of reassociation. For example, as microbial
community diversity (heterogeneity) increases (e.g., greater
number of unique genornes), the rate of reassociation of
[)NA extracted from the community decreases for the same
conc.entration of total l)NA.

Experiment:rlly, DNA reassociation is measured over
time, and the fraction of reassociated DNA (C/Co) ts
exprcssecl ils a function of C-ot, where C.'o is the initial molar
concentnltion of nucleotides in ssDNA antl where r is the
timc in scconcls (Fig. Z). The plot of this relat ionship is
referred to as a C).,t curve. The reirction rate constant can be
cxprcssed as 1/C,'6c,17', where ty1, is the time required for 50olo
reassociation. Under clefir-red conditions, with temperature
irntl monovalent ion concentration m()st important, C6t,l/2
is proport ional to the complexity (e.g., number of unique
genomes) of the DNA. The prnctical irnd theoretical con-
sidemtior.rs of DNA renssociat ion are well  developed (11,
170), and the reirder is referred to these readings for a more
complctc theoretical irnd practical treatment.

Log,o (Cot)

FIGURE 2 Typical C6t curves ohtained by reassociation of
nucleic acids. The method can be used to estimate genome srze or
number by comparison to a reference genome represented by the
left curve. The left and middle curves display pseudo-fiist-order
kinetics of unique sequence DNA of different complexities, while
the right curve displays pseudo-second-order kinetics.



In the application of community diversity analysis, the

interpretation of DNA reassociation kinetics is made in tl're

cont;xt of information theory, as has been clevelopcd for

other diversity indices and briefly discussed above (152)' It

is a measure of the total amount of infonnation in il syste ur

(richness and number of unique genomes) and tl-re distrihu-

iion of that information (evenness and abundancc of indi-

vidual genomes). Torsvik has expressed diversity as the

numbei of "standard" genomes with no hornology (151,

152). The results are significantly notable in that thc-y sug-

sest far greater diversity than anticipated. In an initial sttrcly

lf r soifsamole taken from a beech ftrrest (Seirn, Norn'ny),

reassociat ion kinetics suggesteJ thc prc:en.c () l  : l l1l \roxi-

mately 4,000 genomes (grams of soi l  [wet wt]).  |  (152)'

Another study examined the effect of hcavy mctill contirrn-

ination on the bacterial communities of soils in

Braunschweig, Germany, with different levels of sludge

amendments (125). Approximately 16,000, (r,400, ani i

2,000 bacterial genomes were estimated in the n()ncolrtalr)-

inated soil, low+netal amendments, r'rnd high-mctal irmencl-

men$, respectively. The number of bacterial genotncs ln

noncontaminated soils was fourfold higher than rcf()rted

oreviouslv ( 152). The increase in bacterial gen()lr le ntt t t tbcr

in soi l  is mainly attr ibuted to the use of a longcr t imc periocl

at a constant temperature to measure the Oot curve ' Thtts, a

higher Cor,,r value can be obtained by taking int() ilccotrnt

no"t only ihe dominating DNA types but also the.less clomi-

nating ones, as the reaction kinetics is assttmecl to follow
ps"udo-r"co.rd-order reaction (Fig. 2). This study lirrthcr

indicated a significant reduction of genomic cliversity (cl'

up to eightfold) due to the metal amendments.^ 
Although DNA reassociation provides.a generally uscfirl

measure of genomic diversity, a variety of paramctcrs ulttst

be considered, and most have yet to be systematically cval-

uated. One concern in the interpretirtion of t)NA rcirssoci-

ation estimates is a reduction in the rate ()f rcassocirttitltt

resulting from impurities in the DNA sample. For cxample,

Torsvikihowed that the rate of reassociation incre ased lvith

repeated purification of the sample DNA. This phcnome-

.ro. .rt-t 6e evaluated in part by the addition of exogent'tts

DNA to serve as an internal control (152). Howcver'  i t  is

also important to more fully evaluate changes in reassoct:t-

tion kinetics that might result frotn the use of differcnt

extraction and purification techniques ( 150). Anotl'rcr con-

sideration for any DNA-based analysis is the sotrrcc of tl-re

DNA. The persistence of "inactive" l)NA, eithcr in the

environment or entrained within deacl or moriburrd cells, is

essentially unanswered and is a conccrn in interpreting any

data obtained solely from DNA. Recently, (lans and

coworkers have indicated that the information theory used

can significantly affect the estimation of genetic di"'crsity

usng DNA reassociat ion by 1OO'fold (36a)'  By usiug ct ' t t t-

outaiional analvsis that enables direct comparison of diffcr-

ent abundance'models, this study reevaluated tl're results

repor tcd  bv  Sandaa e t  a l .  (  I  25) .  Approx imr r tc ly '  E '  I  ^  I0 "

6.4 x lOl and ?.9 X 10r genomes (g of soi l  [wet wtl) I  were

estimated for the noncontaminated soil, low-metal amend-

ments, and high-metal amendments, respectively' This

estimation is significantly larger than the originirl valttcs'

by a factor of 4 to 500' This improved computation analysis

suDDorts the use of DNA reassociation kinetics to study

important questions related to the genomic diversity in dif-

ferent micrbbial ecosystems, for example, due to envlron-

mental perturbation and mapping of diversity geographi-

cally. This example further highlights the need for

technical improvement.
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NUCLEIC ACID FINCERPRINTS
OF COMMUNITY STRUCTURE
The tcrrn "rnolecular fingerprint," otheru'ise rendered as

"community fingerprint" or "phylogenetic fingerprint," is

rcserved for methods of analysis that generate a pattern-

based characterization of ctrmmunity structt lre, most com-

monly represented by a banding pattern of nucleic acid frag-

nienti rcsolved by gel electrophoresis. Commonly used

molecular fingerprint metirods as summirrized in Table 1 can

be, generalizeJ blsed on the theory ofpattern classification

i,rtir three catesories: (i) RFLP of total DNA or PCR prod-

tucts, (ii) fragment length hetcr.,geneity of rRNA or PCR

n*nl i . , , ,- ,r ,  and ( i i i )  ci ' ,nf. .rmation or melt irrg behavior of

l)NA products. Althorrgh DNA rnicroarrays generate a type

of fingcrprint, the patiern of hybridization is mapped to

."qu.i-r..:inft,rmation and we treat this format sep-arately. In

priirciple, any gene can be explorecl by these fingerprint

ir'r.thcldr, but SISU ancl LSU rRNA genes that exhibit the

triiit of a m,,lccular chronctmeter as aforementionecl are pre'

sently the ln()st comlnonly used ones. Other candidate

lnurkcrs irrclu.le genes encoding the protein elongation fac'

tor, hcat shock proteins, glutamine synthetase' ATPases,

rur-,.1 t..,p,,is,,n,".,ir"r, irnd the present databaset for these

gcnes arc gradually improver-I.' '  
Molccir lar f ingcrprint ing methods can be used for rapid

survcys rtsing genes that provicle fcrr either phylogenetic or

futrctionrrl ilssessme nt of populaticlns prcsent in an environ-

nrental sample. Species r ichncss and species evenness are

ti.vo of thoie imfortnnt ecokrgical elements that can be

inferrcd bv ttsins these rncthods: the former is usually esti-

nrirtcd fiom thc tot:tl ttumber of different observable genetic

units. The total ntrmber is determincd by physical separa-

tior-r (e.g., elcctrt,pll'r,,retic scpitnrtion of PCR amplicons by

length, .r"qr.,"r',.", 
-,,. 

confcrrtnirt ional variation ). Depend-ing
()n the meih()d lncl genctic mnrkcr used, each unit is often

definc.l :rs ir pr'rpulatit)n, an operational taxonomic unit, a

ribotype, ,, phyl,rtype, ,,, ,, g.t-t,rtype. However, most trf

these rrnits piovitle little ,rr no direct information of specific

rnicnrbial populat ion iclenti ty prior to further analysis,-for

example, hy^barr. l  ptrr i f ic ir t ion and sequencing (68' 97)'

F.rrtherrnorc', the cxtracted rnicrtlbial ecology information

is strhject to general pitfirlls associated with the use of mo-

lecul,ir fir'tgeiprint rnethods (e.g., variahility in cell lysis,

DNAA.NA extrirction, interoperon difference of SSU

rRNA gencs, SSU rRNA gene copy number, and PCR

amnlif icat ion) (sec references 160 and 172). The fol lowing

disiussion of metl'rods will address the theory of classifica-

tion and tl-re ttpproltcl-rcs used in the characterization of

microbial comrnunit ies in various environmental systems'

Due to the lirrse number of rnethods developed, only those

ct,mmonly use.l oncs are ilescribed in detail. Thble I pro-

vides gencral advantages and disadvantages associated with

individual rnethods.

T-RFLP
Terminal RFLP (T-RFLP) of PCR-amplified DNAs is a
refined fingerprinting technique based on RFLP. The gen'

eral steps include PCR amplification of a conserved target

,"qr"r-ti" (rnost commonly a region- of the SSU rRNA

gene) followed by restriction enzyme digestion and e-el ftac'

ionation of resuiting fragments. However, one of the two

PCR prirners is fluorescently labeled at the- 5' end' This

labeling results in PCR amplification products that are

tagged with a fluorescent dye at only. one terminus'

Foitwine restriction enzyme digestion (usually with a

A
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tetrameric restriction enzyme), the restrictetl pro.lttcts rtre

resolved by using an automated L)NA sequenc-er eqtrippetl
with a laser-induced fluorescence detectt,r. Only thc flrtores-

cently tagged terminal fragments are dete'ctecl atrti clttntrti-
f ied. This is an extremely sensit ivc techniqtre, si trcc as I i t t lc

as 100 amol of a f luorescent tag (c.g., 6-carboxy-f l troresccin)
can be detectecl by using an ABI l)NA auroseqtrcncer.
Fragment lengths can be assigned by cornparison to a set ol

size markers labeled u'ith a different fluorescent clyc alrtl

incorporated in each sample prior to elcctr,rphorcsis (69).

Ho*ever, sizing accuracy is reportecl to be nflcctetl hy the

size cal l ing method ernployecl (109), thc fragmcnt length,

and the type ( i .e.,  gel-slab versus cirpi l lary) ofclectrophore-
sis systems used (99). As a lvl ' role, each T-RFL| pattcrn L'arr

be regarded as a fingcrprint ofpopulrtion strtrc-ture that pro-

vides information of population diversity (e:rcl'r tcrrnirlal
fragment and associated rcstrictiott site scqttencc clefir-re dif-

ferent "r ibotypes") and a semiqttanti t i i l t iver est i l l l l l tc , ' f  re l : l -

t ive abundance (pcak area). This inftrrtn:rt iot ' t  cau hc ttse.l

for rapid comparative anir lysis of rnicr,rhial an.l  f trnct ionit l
gene diversity in various Ir i icrohial ccosystenls.

Genes cocling fitr thc rRNA se.luences llre thc tli(rst

commonly used markers in rnicrobial cotnmr:nity anal l 's is

by T-RFLP. Norrnally, prinrcrs specrfic ftrr the tlomrtins
Bacrena(69),Eucarya (81), and Archoea (159) u'erc uscd i tr

the PCR to irnalyzc the ovr:rall nricrobial clivcrsity. Itrior to

the experiment, the prttper ctlnlbinrrtion of primer atltl

restr ict ion enzyrne that gives I hctter rcsolt t t iol t  c,rrt l . l  bt

systematical ly evuluated in si l ico iry computer siruulrrt iot ' t
programs such as l 'atScan (http:/ /rvww.unix.mcs.anl{tx/

compbio/PatScan/HTMl/pirtscirn.html) (27) ancl TAP T-

RFLP (http:/  l35.8.164.52lhtrnl/TAP-trf lp.htrnl) (84). t i rr

exampie, computer-analyzed T-RFLP ftrr 6E6 arnplifilbl,:
sequences (8-927, E. col i  numberir.rg) frotn l , l0Z conrplete
SSU IRNA sequences of the Ribosomirl l)atabasc Projcct
indicated that those sequences could bc classiflccl into 2ll

different termin:rl restiiction firrgrncnts (i.e., ribotypcs)
(69). Apparently, because of the high conscrvatiorr of the

restriction site positions rvith tl'rc SSU bacterial rRNA

sequences, one terminill fragrnent rnay :rcttrally inclucle otlc
or more than one different or closcly relutcd sequetlces.
Thus, T-RFLPs could underestimate the le' , 'els of rnicrLrlr ial
diversitv bv a factttr of three or ftrttr, coultl rcsolve thc pliy-

logenetic populat ion only at thc l tvel of highcr-ort lcr
groups, and could not c()rrectly rt'flect tl-rc phylogenct-ic
position based on the tennir-ral restriction frirgrnent lengths
without prior knowledge of the bacterinl composit ion (69,

84). ' Io further increrrse thc sensit ivi ty of T-RFLP analysis, a

hierarchical approacl'r by employing phylunr- antl grotrlt-

level (or below) primers is appl icd, f trr example, f trr thc
studies of sulfate-reducing bacteria ( l7l),  the Acidobttctcrio
(58), the Actinobacteria (70), an.l the Plancarm,,-ceres (Zl).

A growing number of studies have detnonstrntetl T-RFLP
as a sensitive, reproduciblc, and robtrst meth()d for the cour-
parative analysis of microbial diversity in environmetltitl
ian'tpl.s. On average, 30 to 50 prcclominant terminal
rest;icted fragments (i.e., different operational taxonc)n)lc
units, or ribotypes) are observed witl-rin a micrtlbial ccosys-
tem. The least predominant account for less than 0.2% of

the total ampli f ied community rRNA (18, 54,69). Thrs res-

olution is equivalent to the screening of approxirn4tely 500
rRNA clones and was suggested to be slightly morc sensi-

tive than another popular fingerprint method, [)GGE (see

below), based on a comparative study of the same mrrinc
bacterioplankton communitv (90). Furthcrmore, the digi-
tized molecular fingerprints derived from inclividual samples
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pnx,ide for a rapid ancl analvticalll base.1 comltarison of

community simil i r i ty by the conibincd trse of image anrt lysis

softrvare (e.g., GelCornpar by Applicd M:rth, lnc.) i ' rnd clus-

ter analvsis (69) , , t  pr incipal-comp()nent analysis (18).

T-RFLP provi.les irn advanti'lgc over lnost molcctrlrrr fin-
gcrprinting nrethr'rds in thrrt pl'rylogenctic infcrcnce of prc-

clotninant tertninltl fragutent lengtl'rs q'ithirl a c(rlllniLlllity

ciru be nirdc once iln apprc)priate clatirhasc ftrr the given

samplc  i s  cons tn tc te t l  (1 i ,80 ,  159) .  For  exa tn l . le ,  the  s tudy

by ,, ' i rn clcr M:rarcl et al.  (159) demonstrate(l  rhat the

obserr.'ed arch:real termitral frrrgtnent lengths ftrtu'rJ in cliges-

t ive tr: lcts of uarine f ish cituld be assigne,l  t ,r  tpccif ic

murinc arcl-rirell sequences recovered fror-n tl'rc slttue sarnlllc.

The same nppnrach $'as us( '( l  in ot l ' rer sttrdics (17' 80) to

ider-rtify the preclorninant terntinal lilrgnient lengths tirtrntl

in arcl ' r :real or birctcrial pttpt l l t t t ions ttnrler c'hl l l lgct l  cnviron-

rncntal concl i t i , rns. Furthcrtnore, there are se', 'er l i l  sof iu'are
progrirms developecl to infe r t l ' rc Nssihlc l thylogcrret ic aff i l l -
i r t  ion of prerlonrinlrut tertt i inl l  restr ict iotr fr irgrt ietrts rvi th in

a , ' ,nrpl,- : .  These inclut le TAP T-RFI-P (http:/ /15.E.164.52/

l i tml/TAP-trf lp. lr tnrl) ,  t l ie T-RI"l-P l 'h1' logtnetic Assign-

ment Tix)l  (PAT) (http:/ / tr f lp. l intnology.rvisc.ccltr/ int lex
. j sp) ,  M ic rob ia l  ( lonrmrrn i ty  Ana lysrs  (N ' { i ( lA )  (h t tp : / /

tnica.ibest.tr ir laho.e. l tr /) ,  :r t t . l  T-l l .FI-f  f i r tgrr lent sortcr
version 4.0 (lrttp,//u'r'vu'...,rrrtlc.ohio-statr:.ctltr/trfipfrlrgsort/
Jcf irult . l i tnr).  Hou'cver, t l tc infercncc of phvlog. 'ne t ic p": i-

t ions hasctl  on tcrmitt :r l  l iagnrertt  length shotr ld bc orrcf ir l ly

i l ) tcpretrrtcd. l t  is possihlc thlt  thc l .rcJictet l  fragtr lcnt

le,rgi l ,  c,,n hc . l i f ferertt  fr ,rnt obscrve.l  ot les . l t tc to pt lssible

vari i l t i ()ns ,rcc'. trrc.. l  . lur ing sc. l t te ucing lrnt l  l ragnrent sizing.

Furt l-rer, t l ie SSU rRNA Jlt :rbasc st i l l  c:t tr trot prcst 'rr t  thc

ttrtal microhial cl ive'rsi ty i tr  nricrohi l t l  e l lv ir() l l l l lc l l ts 
"vcl l .  -

Ir l  . . l t ldi t i trn t() col 'nnlt l l r i t )  structurt l l l l ()rul i t t l () l l ,  l -

RFI - [ 'pnrv ic lcs  l  h r ts is  f i r r  cva l t r l t i t l g  re l l r t i ve  ; rc t rv i rv  o t

in. l i r . ' i . lual populat ions. Onc ,rf  thc l l l ()st gcne r:I l  tncltsttres of

cel lular i lct ivi ty is r ibosoure c() l t tcl) tr  artcl  the r:rt io of rRNA

to rRNA genes gene'ral ly increascs r i ' i th increi lsing grou'th

r:rte (act ivi ty).  Tl ius, cotttprtr istrt t ,r f  T-l l .FLI '  f inge'rprints
clcr ivecl from both the rRNA getrc rt tr t l  thc r l lNA of irn

environtncntal slmple servcs t() confirm thlt  tnicrt l l l i l r l  pt4r-

rr lut ions t letectcd rrt  the rRNA gcne lcr. 'cl  l rre nlct irbol iclr l ly
activc t lnt l  also provi. lcs s() l l lc i l l f ()r lni t t i t r t-r  r ' f  rclat ir ' 'e Jct i \ ' -

i ty (80, 90). T-RFLP f ingcrprint irrg cotr l , l  l 'e f i rr ther t tse' l  t tr

ctrrr. latc cotr iurr.ruity sh i f ts artd activi t ies lvi th f irr-rct ionir l

chauge by using a self- lcarning neural nctu'ork :rnalysis
(26), conrmunity- ler. 'el  physiological prof i les (Bl()LC)G)
(54), and a stahle-isotopt '  probing techniqtrc (79). Sir-rce

the usc of atr urttoseqtrcncer al lou's f t tr  si tntt l taneotts analysis
..rf at least 9(r .lifterent samplg5, T-RFLP catl be ttscd rrs a

l-rigfr-throughput nleth()d to rapitlly urottittlr courmttnity
changes l lss()ciurted q' i t l -r  tctnptlral antl  sprrt i l i l  v l tr i r t t iol ' t  t t t

the envirt lnmetrt or occttrr iug i t l  resptl trse t() el lVirr)nmentJl
oerturbations.

l - K l - L l '  l t ; t .  l l : t t  h c c l )  L x l c n ' l \ ' r ' l \  : l l r f  l l ( . 1  [ t )  ( ' x i l l l l l l l ( '

variation tun,rng diff'erent firnctionirl ge nes it't different

cnvironmcnti ' r l  sett ings. The f irst sttr t ly by Bruce (12)

shorve.l that T-RFLP coul.l hc used to rirpi.lly characterizc
the ge netic heteroge neity ttf lt tncrcttry re sistrrnce gene

nmong Jif fercnt soi l  types ( i .c.,  pol luted ancl prist ine) irnd
within cliffe rent areas of the same soil. Ctlmparison of these
environmentally derive.l T-RFLP pirtterns to thu ctrrrcnt

sequence database strggested the presence of novel mer

senes. Anothcr two studies successful ly usetl  T-RFLP to

reveal the cliversity and expressiott of nitrogen fixation
genes (nfi and anfl ir.r ditTerent termite guts that exhibited
different ler.els of nitrogcn fixation or in a termite species
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under different feeding modes (102, 104). The other func-
tional genes used include monooxygenase (amoA) (48),
ammonia monooxygenasc (amoA) gene, nitrous oxide
reductase (nosZ) gene ( i23), and mcrhyl-coenzyme reduc-
tase  (mcrA)  (77) .

As for all molecular methods dependent upon L)NA iso-
lation and PCR amplificarion, rhe results of a T-RFLP char-
acterization may not fully reflect the native population
structure. It is reported that highly clegeneratcd printcrs c?ln
cause a biased representation on the abunclance of indivic-l-
ual targets (78). Possibte "pseuclo" rermir.ral restriction frag-
ments can also be produced dtre to single-strandctl  ampli-
cons in the T-RFLP bur can be el iminatecl hy digesting
these pseudofragments rvith single-strand-specific mung
bean nuclease prior to T-RFLP analysis (30). Oshorn e r al.
(109) also demonstrarecl rhat some of the rRNA-relatccl
biases can be minimized i f  the key experimcnt:r l  pari lrnetcrs
(e.g., sample repl icat ion ancl handling, PCR DNA rcmpl:rte
concentration, PCR cycle tirne, ftil polymerirse typcs, an.l
the minimum restr ict ion cn?yure t l igcst ion t ime) are sys-
tematical ly evaluatct l .

PCR-AtH and Automated Ribosomal Intergenic
Spacer Analysis (ARISA)
The estimation of microbial divcrsity by PCR-anrpl icon
lcngth heterogeneity (ALH) is basctl  ()n rhc cuplciry rtr
resolve the length and length hererogencity of the P(lR
amplicons from the vuriirble regiorrs encoding thc SSU
rRNA (121, 145). Tir cl , ,  s,, ,  J()nl ir in-slecif i t  PL)R prirners
arc initially usecl ro amplify DNA fragmenrs flanking thc
vari irble rcgion(s). The result ing amplicirt ion protlucrs ure
then scpnratetl hy size on polylcrylarnide gcls lntl are vie u,ccl
by using i i  sensit ive st l ining nleth()(I ,  e.g.,  si lver sraining.
Like T-RFLB fluorcscently taggetl primt'rs iurJ lLrr()nrate(l
analysis have beer-r uscrl  to increase thc sensit ivi ty i l l i r l  repr()-
clucibi l i ty for t letectrng smirl l  ulnounrs of I)NA anrl ro sepir-
rate fiagrnents diflering by only I or 2 hp (J4, 145).

The rcsolr,rt ion of PCIR-ALH is clepcnclenr ()n thc vuri :r-
t ion rvit l -r in the cotl ing regit ,rrs. Arn,,ng l(r6 rrrrr inc hacte-
r ial SSU rRNA seclucnces examined, tu'o varirrblr regiorrs
cor respon. l ing  to  E .  co l i  numhcr ing  8  155 ln t l  8  516 hevc
lengtfr variat ions of l l2 to 16l bp ancl 472 t<t 574 hp anrl
could bc use.l  to classi ly rnicrobi ir l  pofulurions f irr  up to 52
and 101 t l i f ferent czrreg()r ics, respccrively (145). Sincc
amplicon lcngth gencral ly c,rrrcsponds to phyLrgcnctic rela-
t ionship, this classif lcat ion hus ir  nirtural ort lcr.  Tir i i rr t frer
infer the phykrgcne tic 1-rosition of the orgrtnisnrs re prcscrrterl
by dif fcrent length ampliconsJ thc fragmer-rts can be cloned
and secluenced. Altcrnatively, l t ,R-ALH c,rn l .c usecl ro
analyze n rnicrobial comrnunity f trr rvhich courplctc or
nearly cornplete secplenccs ,rf  the target genes rre al 'ai lablc
(e.g., via selective irrnpl i f icut ion, ckrning, and scquencir-rg of
SSU rRNA ger-res). Howevcr, since most frirgmer-rt-lengtl-r
categories contain nore thi ln one dif ferent btrt  closely
relatcd sequcnces, thc resolrrt ion of thc difTercnt nirtural
groupings is someu'har cornpnrrnised. This approach is fur-
ther l imited by the precision of fragment sizing whcn 1-hp
differentiation bcnveen rwo fragmenrs is needed for dis-
crimination or rvhen krng fragments i l re cornpared (145).

Sirni lar to P(IR-ALH, ARISA rvas develooed frrr est i-
mating rnicrobial cl ir ,crsity (t) ,  l4). l r  t lkes :tJvuntage of a
range of lengtl ' r  r . 'ar iat ion in thc 165-215 rRNA gene rnter-
genic spacer (ustr:r l ly enct t l ing tRNAs) rvir ler thirn that of
the coding regions for the rRNA molecules (34, l7). A
recent study indicatet l  that the ntc: isurernent of microbial
diversity in terms of the nunber of pe aks, the range of peak

size, and the reproducibility of ARISA fingerprints can be
significantly affected by the use of different forward and
reverse primers (16). This issue was likely related to the
poor design of primer sets based on rhe limired numbers of
rRNA sequences in the database previously and could be
improved by using a new set of forward and reserve primers
encompassing most of the 165 and 23S IRNA sequences in
the database with similar anneal remperatures (16). It
should be further noted that (i) 165-235 spacer length vari-
ation does not necessarily correspond to different popula-
t ions, since individual organisms general ly conrain mult iple
operons rhat may encode spacers ofdifferent length and (ii)
intergenic DNA fragrnents of the same length can encom-
pass m()re than one species of microorganism. Thus, these
lrctors limit the use of ARISA for direct inference of micro-
bial diversity. Overall, PCR-ALH and ARISA rernarn use-
ful methods frrr compararive analysis of natural microbial
populations along different ternporal and spatial gradients
(e ,14 .  1  45) .

SSCP
Single-strancl conformation polymorphism (SSCP) is a
technique that separates ssDNA fragments differing in
strand lcngth ancl conformation (conformers) by gel elec-
trophoresis. SSCP has been mosr frequently used in con-
junction with PCR ro generare the target L)NA fragments.
SSCP-PCIR was init ial ly used to detect minor sequence
vi ir iants caused by poinr murarions in human al leles (108)
ancl only more recently has been used to analyze microbial
cornmunity structure (61, 130, 178). Immediarely before
the SSCP irnirlysis, the PCR-amplified rRNA is denatured
at rr l ' r igh temperature ( i .e.,  95'C for 2 or 3 min), usual ly in
the prcsence of denattrrants (e.g., formamide). This process
is followcd hy rapid cooling on ice ro "trap" differenr srruc-
turirl forms. The foldine of an ssDNA into different stable
stnrctures is highly relatecl to i ts sequence ( i .e.,  nucleotide
seqrrenccs and cornpositittn). Thus, clifferent sequences con-
tribute to different structures that can be resolved on the
basis of vurious migration rirtes during electrophoresis on a
nondenirturing polyacryl:rmide gel (usually run at a con-
stant irmbicnt temperirture). Three m:rjor structural types
ohsen'ecl are "self-folclcd" ssDNA, heteroduolex double-
stranclcd DNA (dst)NA), and h.rm.,.[urriex dsDNA
(formed as ir result of thc [righ rare of DNA ieassociation)
(61). l) i f ferenriarion berwecn ssDNA and dsDNA is based
upon relirtive migrarion distance (ssDNA, heteroduplex
dsDNA, antl homocluplcx dsDNA migrating in increasing
order) and by variirtion in silver srain color. As described
above frrr T-RFLP analysis, the use of fluorescent-dye-
labcled PCR primers in combinarion with analysis on an
irutomated DNA sequcncer provides for the greatest repro-
duc ib i l i t y  and scns i t i v i t y  (  l  12 ,  178) .

Domriin-specific prirners for the SSU rRNA gene (61,
l l0, 178) have been used for analysis of microbial popula-
t ion structure. Criteria for select ing a good primer pair
include ( i)  adequate fragment size (-100 to -400 bp), ( i i )
low homology within tl're rarger sequence region, and (iii)
high fragment length heterogeneity. Computer-assisted
analysis of 1,762 avai lable SSU rRNA bacterial sequences
shorved that, r.r'ithin the variable V3 region (8. coli number-
ing of 330 to 5ll), rhere are 34 different fragment length
variants distribured among 19 different bacterial phyla or
groups, and 1 to 22 different varianrs within individual bac-
terial groups (61). An alternative targer region flanking the
V3 to V5 region (330 ro 926 IE. colj numbering]) of bacte-
rial SSU rRNA sequences has also been used (130). For the



domain Archaea, primers arc usuirlly complementar)' ro the
V3 region (178). Individual bands can be retrier.ed anrl
sequenced, but due to their relatively short secluence length,
only approximatc p}'rylogenetic position cirn bc inferrecl.

The applicatior-r of SSCP as :r fingerprint of microbial
community structure can be l imited by the uncertaintv of
the banding pattern obtir ined. For example, mult iplc bands
can be gcncrated frorn the sanre bactcriurn, e.g., via het-
eroduplex formation am,rng ckrscly related scquLrrccs.
Alternatively, diff'ercnt ssDNAs can hirvc a similnr rnigra-
t ion distance on the gel. Onc solut ion for cl irninirt ing rnul-
tiple bands origin:rting from a single bacteriurn was [)ro-
posed (130). Brief ly, one of t l ' re nvo PCR primcrs u'as
labeled with a phosphate grotrp at thc 5' terminus. Thus,
the arnplificd L)NA strantls l'rirving n 5' plrosphate cotrlcl be
removed by digcstion rvith }.  exonuclease, leirding t() ()r)e
conformecl-ssl)NA bancl for cach rnicroorganisrn (110). A
similar approach is to use biot inylatcd primers in thc P(lR.
procedurc and to sep2rrate bir-rtinylatcd DNA and r-lrnhi-
ot inylated DNA rvith magnetic beads prior to SSCI) analy-
sis (131). Flowever, both approaches requirc at ldit ionrl
steps and a signif icant investrncnt of t imr' .  As fcrr the othcr
f ingerprint ing methoc{s clcscribecl,  SSCP has heen usc,l  t ,r
char:rcterize micnrbial poptr l i r t ior-r str l lcture in rclut ion to
env i ronrncnta l  cond i t ions  (61 ,  I10 ,  178) .

DGGE and TCGE
Methods of DC)CIE irnd teurperirture gradrcnt gel e' lec-
trophoresis (TGGE) nre basctl  up()n thc an:r lyt ical scplrr lr-
t ion of DNA fragrncnts of i t lentical or nelr ly iJcrrt ical
length brrt of virr i<'rus sequencc conrposit ions. The scpara-
t ion is deterrnined hy the chrrnge of electrr4rhoretic nrohi l-
i ty of DNA l iagrnents rnigrat ing ir-r a gel containing a l in-
early increasing gnrdient of DNA dcnatur:tnts (urca utr. l
formamide) or ternpcrrrture. Tfrc change in fragrnent nlrbi l-
i ty is associatet l  with partLal me lt ing of the t lsl)NA in r l is-
crete regions, the so-cnl lecl nrelt ing t lomains. Thesc nrct lr-
ods were f irst dcveloped to detect single-base cl iurrgcs rn
genes for diagnosis of human genetic discases antl  in gcncri .
l inkage studies (98). Morc recently I)CGE irnd T(l( iL har. 'e
bcen extended to resolve cnvironlnentr l  pt4rulat i ,rns ,r l '
micrcxrrgirnisms by separating P(lR alnplificati()n products
generated by using primers targeting crnserved gencs (97).
PCR primers designecl for tl-re amplification antl cLrning of
SSU rRNA gencs were first used to demonstrate the tech-
nique as applicd to environmentaI microbiology (96).
Subsequent stu. l ics have applied the tcchrr ique ro chur:rc-
terize the diversity of gcnes encocling different nrct:rl.olic
func t ions  (39 ,  95 ,  97 ,  148) .

DGGE and TGGE analvsis of PCR-amnlifiecl SSU
rDNA fragrnents provide s a r:.rpi.l nrcrh,,.l fi'r thc chlractcr-
ization and monitoring of community populirtirtn structure
and dynarnics (for a rnore detailed revicw see refercnces 95,
97, and 127), with consideration of some of the cavears pre-
viously discussed and below. Tire initirrl study lry Muyzer et
al. demonstrated the presencc of several distinguishirblc
bands (between 5 and 10) in the gel separation p:rrrern,
which were most likcly derived from the predonrinirnt
species within those communit ies characterized (96). BV
using DGGE or TGGE, extensive studies have cxaminecl
various microbial ecosystems such as rnicrobi:rl mats, deep-
sea hydrothermal vent samples, a stratified marine warer
column, rhizosphere, soils, and activated sludge (95, 97,
127). And as also discussed in relation to T-RFLP anillysis,
DGGE can be used to evaluate relativc activity of ir-rdivicl-
ual populations based on changing rRNA/rRNA gene rario.
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The method has been used to evaluate this r:rtio arnons dif-
ferent nirtural populations by cornparing the pattcrn anJ
intensity of bands derived frorn using either rRNA genes or
rRNA (using rcverse tr inscriptasc t() gcncrrrrc cDNA) as
templates (147). A similar approach u'as uscd to evalutrte
the expressior-r of a Ni-Fe l'rydrogenase conserved among
natural populirtions of Desulfcwibrio spp. (167).

Morc-spccific infr-rrmation of population composition
can be obtained by secondary analysis on the predominant
DGGE or TGC}E bandir-rg pattern by using sccluencing or
hybriclization. Scqucnces of indiviclual bands (fragrnents)
are cleterrnined fcrllowing thcir extrirction from the gel, a
seconcl round of PC)R amplification, antl sequencing (direct
or ufter cloning). This sequcnce infcrrmirtion can :rlso be
tused to clcsign specific oligonucleotidc l.robes for membrane
hybricl izat ion or FISH anir lyses. For exarnple, this appmach
was used to verify tl're preckrrninance of n-ricrobial popula-
t ions identi f ied by DGGE with FISH (101). Also, group-
and specics-specif ic DNA hybridization probes have heen
trsed to i t lenti fy specif ic populat ions within the patrern of
rcsolvecl bands following trirnsfer of the DNA to nylon
rnernbranes (96). Grcxrp-specif ic P(, 'R primcrs have been
usc.l  to restr ict populat ion nnalysis to specif ic rnicrclbial
grorrps (45, 56, l0l).  Altcrn:rt ively, rnicrobial diversity of a
spccif ic functional or phykrgenetic group u' i thin a rnicrobial
ecr()system can bc achicved by using PCR u' i th group- or
species-specif ic I)GGE prirners (101) or combining DGGE
with nested l( lR (Z I ) .

Tl-re c:rveats of the I)GCIE ancl TLlClt. rncthods include
the ftr l lou' ing: heyond thc usual c()ncerns of reprcscntative
DNA cxtr:rct ion, the qrrestions of represcntative PCR
amplif icat ion of individual pt4rrr lut ions within the target
col lcct ion antl  i i rrnrat ion of ampli f icir t ion art i f i rcts (c.g.,
chinrerical seqrrencres, he te roduplcxcs, and polymerase
crror) bct '" l ,een populat ions remain part ly unanswered (65,
160, 172). Thc reucler is rcfcrrcd to sturl ies that have
dircct ly addresscd art i f l icts lssociatcd rvith this methocl (5l,
118). The separation t, f  thc rnany fragrncnts arnpl i f ied from
a highly r l ivcrse hactcri i r l  colnrnunity is not prossible by
trsing ar.ai lublc technology, ir l though resolut ir-xr rnay be
irnprovcd by trsing a nnrrowcr range of dcnaturilnts or two-
ditnensional elcctrophorcsis ( I l ) .  The phylogenetic infor-
mation obtained from sequcncing int l iv idual bands is l i rn-
rted, bccause only fr:rgmenrs up to approxirr-rately 500 bp
can bc we l l  separated. Anothcr concern associated with the
tcchnique as wcl l  as rr ' i th othcr af irrencntioned molecular
fir-rgerprinting me thods is the a priori assignment of individ-
tual bancls to inclividual populati<x'rs. As discussed in the
introtluctory consrderutions of diversity assessments, there
can be significant sequence variation irmong rRNA operons
of ar-r individual org:rnism, and so indiviclual ()rganrsrns
coulcl potenti i r l ly contr ibute to rnult iplc bands (103).

DNA Microarrays
A DNA microarray ( l)NA microchip or DNA chip) is an
orrlerly, high-ciensity arrirngernent of hundreds (or thou-
sands) of individual cDNA probes (-500 to 5,000 bp in
lcngth) or ol igonucleotides (I5- to 7O-mers) bound direct ly
or indirectly to a solid surfirce (e.g., mernbrane, silicon
rvafer, or glass) ( i32). Unlike the membrane hybridization
format, thc chip is a high-density fcrrmat that allows for
simultaneous hybridizirtion of a labeled DNA/RNA target
to a large set of probes, thus providing high throughputs.
In rccent years, the oligonucleotide-based microarray has
been receivinq increased attention from researchers due to
its allvantages over its cDNA counterpart. These include
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simple methodology to obtain probes, good quality control of
probe manufacturing, options to select high-specificity
probes to prevent nonspecific hybridization, ur-td th" pnt.,-r-
tial to detect alremative spliced variants of genes. Detailed
information on the types and manufactuiing of DNA
microchips can be found in recenr art icles (31, Bt, BZ,l4l).

DNA microarray technology has emerged ns a popular
tool in studies of environmenral microbiol&v. So far, dltTer-
ent types of microarrays as classified by the rype of markers
used have been developed for community struCture analysis,
community functions, species relatedness, and c()rnmunity
gene expression. These include phylogenetic,,1ig.,1111-
cleotide. arrays (POAs) (42, 74, 173), functional genomic
arrays (176), communiry genome array ( lZ5), rvhole-
genome open-reading-frarne array (94), and genc e,xpres-
sion array (52). However, due to the space l imir irr iun, wu
will focus discussion on the use of POAfor microbial conr-
munity structure analysis, its present lirnitations ancl ch:rl-
lenges, and the possible solurions ro rhese challenges.

In general,  POA uses rRNA molecules as the 1.h), l , ,gc-
netic marker. Within the nirtural framework providetl by
rRNA sequence virriation, n fullv cleveloped POA coulil
include a set of probes t,r  encompass virr iral ly al l  natural
microbial grouping (phylotypes) and rherehy serve ro simul-
taneously monitor the populat ion structure at mult iple lev-
els of resolution (e.g., :rt the :ipproximate taxonor-nic ranks
of domain, kingdom, orcler, genus, ancl species) (7 1, 173).
This situation provit les a birsis to adjust monitoring srrarc-
gies to the resolut ion required and, as previously discussecl,
serves as a mechanism to validirte hyhridiz:rtion signal otrt-
put by requir ing consistency between quanti f icat iol)s at di l-
ferenr raxonomic ranks (5, l l9). With this hierirrchical
probe design strategy, P()As have been dcvelopetl and
applied for the study of rnicrobial communiry aniriysis ,rncl
microbial identificirtion, fcrr exirmple, firr a srnirll suhser ,rf
nitr i fying populat ions (42,5J\ and f irr  rrnulyzing t,r :r l  micro-
biota (116), Baci l lus anrAraci.s an.l  i r ,  r" lrrrej spccics (71 ),  al l
recognized lineages of sulfirte-reducing prokaryotes in both
natural and cl inical cnvironrnenrs (74), and thc bera-
proteobacteri :r l  order "Rhoclocycl:r lcs" (75).

These init ial  studics hrtvu LlclnonstrarcJ thc D()tcl t t i i l l
use of POAs for rapid irnd comprehcnsive characicr. izrrr ion
of community stnrcture but havc also identi f ied addit ior-ral
areas of needed technology devekrpment (f<rr a morc
detai led review sce references 8, 64, and I 26). For exarnple,
the high cost of special equipmenr and a large nunrbci .r f
ol igonucleotide probes can l imit the use of DNA rnicrochio
technology in i ts present stage of development. L)e sign ,rn. l
optimization of probes remain somerhing of :rn :rt firrnr
be.cause the rules for pretlicting duplex stibility are nor yt:r
ful ly developed ( 126, 149). Further, the eff icicncy ir .r
achieving good discriminirtion between targets and nonrar,
gets, eventual ly at a one-mismarch resolui i trn, is st i l l  not
satisfactory. This failing is primarily relntcd to the use of the
same hybridization and wirshirrg conclitions tc-r :rchic.u.c rirr-
get,discrimination among a largc set of tr l igtrnuclcotide
probes that differ in sequences and thermal- stability. In
other words, for any two given probes, the optimal concli-
tions required for achieving perfect-rnatch discriminirtion
are not a-lways the same. Furthermore, rhe efficiency of rnis-
match discrimination is complicated by thc secondary
structures formed within ssDNA or sinsle-stranded RNA
targets (36, 111). As a result,  thr . .clurrencc of false-
positive and false-negarive signals can be significant (63,
71I 

""d 
consequenriy they reduce the detection spcciiicity

of DNA microarrays.

Likewise, quanritarion by using DNA microarray remarns
very challenging. One reason is fie inherently high variation
associated with array fabricarion, rarger labeling: hybridiza-
tion, and image processing (177). For-example, ,i'h"., t"rg.t
used in hybridizations are insufficiently fragmented o, 

"."*r-,otfragmented at all, it is possible for different immobilized
probes (of various taxonomic ranks or targeting different
regions on the rRNA sequence) to compete for the limited
number of targets, resulting in incorrect eslimations that devi-
ate,_ significantly from the actual population numbers.
Dil{erences in rhe accessibility of different targers to rhe
immobilized probes can further iead ro erroneous iesults (36).

Ti) mitigare some of these problems, solutions have been
demonstr:rted. One indirect solution to confirm the
hyhridizirrion specificity from DNA microarray studies is to
combine this technique with other well-esrablished molecu-
lar_methods For example, Koizurni et al. (55) applied pCR-
IXIGE and RNA-DNA membrane hybridization in parallel
with POAs ro confirm the presence of specific iulfate-
reclucing organisms in anaerobic aromatic-d;grading com-
munities. Loy et al. (74) validated the presence of sulfate-
red.ucing organisms, as suggested by positive signals from mul-
tiple probes of a sulfare-reducing prokaryote-specific POA,
wjlh_g-pe_c.rflc PCR amplification and cloning and sequencrng
of 165 rRNA genes irnd genes encocling dissimilatory (bi)suL
firte retltrctase. However, these DNA-microarray-indepen-
dent techniques firrther contribute to the time required for
community analysis. Alternatively, to minimize the occur-
rcnce of f:rlse-positive signals .rbserved in the DNA microar-
ray, a n(mequilihrium dissociation curve approach, whereby
the tlissociati<)n pr()cess of all positive probe-target duplexes
from. Lrw ro_ high rernperiirure is performed and ^.,alyr"d
simultaneously within a short time, is proposed (82) and
demonstratecl (32, 61, i l ,  155). By using this approach, a
firlse-positive signal coul,l hc identified ty c.,mparing the
observed tlissociation curve ancl the observed 1,, at which
50%, of the probc-target duplex is dissociated, wiih those of
the perfectly matched duplexes. However, further efforts are
strll necdcd to resolvc issues relirted to the sensitiviry and
specificity of the l)NA microarray. Eventually, rhe bNA
microarray with its rnassively parallel hybridization capacity
should ernerge i'rs a powerful tool for microbial ecology studies.

_ ln sunrnrary, the clevelopment and application of molec-
rular fingerprinring are rapiLlly changing our understanding
of microbial conrnunities in a wide range of microbia'i
ecosystems. All rnethods prtrvitle a rapi.l and rohust means
to monitor population changes. However, as yet no single
method cirn resolve all microbial populations in a typiial
habitat. We ermphasize that these -.ihodr are all paiiof a
growing molecular t txr lbox. Most successful appi icat ions
will generally come from studies rhat combine ihem with
other methods. For example, some studies have combined
chemotaxonornic methods (e.g., rcspirarory quinone and
cellular fatty acrcl profiling) with molecular fingerprinting
methods (68, 113). Others have compared molecular f in-
gerprints with metabolic act ivi ty measurements (e.g.,
Biokrg, enzyme activity, microelectrode, and microautoraJi-
ography) to better resolve structure,function relationships
in a cornmunity (10, 54,62, 105). Final ly, we also empha-
size that this chapter'.s focus on molecular techniques does
not reduce the need for culture-based methods- to fully
define the ch:rracter of populations rendered to sequences
and hybridization signals by molecular merhods.
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INTRODUCTION

Polyphasic Taxonomy and 165 rRNA
Gene-Based Phylogeny
Polyphasic taxonomy aims at the integration of diffcrent
kinJs .rf  Jata anJ inftrrtnatirrtr  ()n micr()(,rganism', enrl  in
principle all genotypic, phenotypic, and phylogenetic infor-
mation may be incorporated in polyphasic taxonorny ( l  13).

Genotypic methods irre directed towarcl DNA or RNA mol-
ecules, and these methods dominate modern t?rxonolnyt
because it is now generally accepted tl'rat a cl:rssification
should reflect the natural relationships as encoded in tl-re
DNA. Gcnotypic methods include determin:rtion of thc
DNA base rat io (%G+C), DNA-DNA hybridization stud-
ies, sequence determination of rRNA genes, and a ltrrge
variety of DNA-based typing methods. Determinrrtion t'f
the number ,:rf moles of guanine * cytosine is ,rne .,f rhe
classical genotypic methods, and the m,rles pcrcent Cl+Cl is

considered to be part of the standard description of new
bacterial taxa (113). The basc composit ion of bacterial
chromosomal DNA ranges front irbout 25 to [i0tZ,, and in
general the moles percent G+C of a species shows a narrow
iange of about I  to 3 mol% (104). The percent DNA-DNA
hybridization is an indirect parameter of the sequence simt-
larity between two entire genomes and is the "gold stan-
dard" for the delineation of species. Several methods arc

avai lable, and these are reviewed by Johnson (67). Wayne
et al. defined a prokaryotic species as an entity that in-
cluded strains with approximately 70o/o or greater DNA-
DNA relatedness (116). However, several examples have
shown that, although data derived from DNA-DNA hybridiza-
tions are important, it is essential to be flexible about the

boundaries of species demarcation to obtain an optimal
classification system that facilitates identification (77, l1l,
120) .

There is a consensus that the phylogenetic relationships
between prokaryotes can be deduced from sequence com-
parisons of conserved macrornolecules. rRNA genes are
among the best targets for these phylogenetic studies
because they are universally present and functionally con-
stant and have a mosaic structure of highly conserved and
more variable domains (22, 1Zl). The direct sequencing of

the genes coding for small (165) or large (23S) IRNA mol-
ecules by PCR technology has provided a phyiogenetic
framework that serves as a backbone for modern microbial

tnxorlomy (45, 7B), and this technique is now standard
practice in taxonomic studies-nowadays, it is hard to
imaginc a nerv prokaryotic species being described without
i ts 165 rRNA gene sequence being detern)ined f irst!  The

availabi l i ty of international onl ine databases (some of them
entircly devotct l  to rRNA gene sequences) (8, 28, 69,126)
facilitates the exchange of 165 rRNA gene sequences and
has contributed significantly to their widespread use.
However, therc are some pitfalls associated with the use of
165 rRNA gene sequences. First of al l ,  i t  should be clear
that comparison of these scquences cilnnot replace DNA-
DNA hybridizations for species del ineation (43, 101).
Altl'rorrgh orgirnisms thar shtrre less than 977o 165 rRNA
gcne sequence similarity will not show DNA-DNA binding
values higher than 60%, isolates that share more than 977o
165 rRNA gene scquence sirnilarity may or may not belong
t() the same spccies, and there is no threshold value for 165
rRNA seq,.rence similarity fttr species recognition. Secondly,
prokaryotes often contain multiple rRNA operons, and
although interoperon variability of 165 rRNA gene se'
quences within a single genome are generally low and
unlikely to affect phylogenetic analyses, exceptions exist (2,

14,25).I t  should also be mentioned that overal l  l i t t le is
known about intraspecific variation in 165 rRNA gene

sequences, although severirl studies indicate that it may be
higlrer than general ly assumed (23,51, 112). One of the
."iru., why the 165 rRNA has become the molecule of
choice for phylogenetic analysis is that it was considered
unlikely t.,- b" pr.,t-te to horizontal gene transfer and/or
recombination; however, more recently, several studies
have highlighted that distinct segments along l65 rRNA
gene sequences may have a reticulate evolutionary history
(see, for example, reference 110). Final ly, there are some
charircteristics of 165 rRNA genes that may lead to inaccu-
rate trees, including (i) considerable differences in muta-
r ion rates betrveen dif ferent l ineages (123), ( i i )  overestima-
tion of relatedness of species with similar nucleotide
frequencies (117), and ( i i i )  di f f icult ies in al igning distantly
related taxa.

Alternative Molecular Markers
Because of the above-mentioned limitations, altemative phy-
losenetic markers have been used since the early 1990s (34'

114). The choice of which additional molecule(s) to include.
in comparative sequence analysis is not straightforward.
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Nevertheless, there seems to be agrecment that thcse genes
(i) should preferably be widely distributccl, (ii) shoulcl not
be transmitted horizontally frequently, (iii) should be pre-
sent as a single copy, and (iv) musr be long enough ro con-
tain sufficient information but short enoush to allow con-
venient sequencing (114, l l l ) .  ln aJdit i t ,n, rhey should
contain the "right" amount of phylogenetic informariorr
(resolut ion); i .e.,  they should neither be too conserved nor
too variable. However, several studies have shou'r'r that,
based on these cri teria, very few (i fany) genes rvi l l  be fr lrnd
that can he applied universally, irnd it is mosr likely rhat the
development of group-specific approaches will be necessirry
(24,97, 131). Rather than presenting irn cxhirusrivc over-
view of stuilies relying on a wide range of iiillere nt alrernu-
t ive phylogcnetic markcrs, we woulcl l ike to i l lustrarc the
use of these rnarkers with the rccA gene as un examl-,le .

Thc use of the recA gene in phylogenctic stut l ies u'rrs f . i r ,-
neered by Lloycl and Sharp (80), Eisen (14), ancl Krrr l in ct
al.  (70). RccA is a relat ively srnal l  protein (approxirr iatcly
350 amino acids) involved in homolocous I)NA reconrl. i -
nation, SC)S induction, and f)NA-ciamage-int l trcecl nrurr i-
genesis, and i t  is capahle of binding single- ar.rt l  douhlc-
stranded DNA, unwintling cltrplex l)NA, and fur.ling
homcrlcrgous regit'x-rs (34,70). Frorn thcsc carly sturlies ir rvas
already obvious that the rccA gene was a goo.i c;rntlitlrte
altern:rt ive markcr: ( i)  i t  is prescnt in most prokaryotes, ( i i )
some regions are conservecl rl'hilc otl-rers i.lre nl()re v:rriirble ,
and ( i i i )  the extensivt:  size irnd se(luencc conservation i ln( l
the fact that rccA is a prote irr-tr , , l ing g.nc rnlkc l l rgnrne nrs
virtual ly unambiguous. The f irst large-scale study using recA
sequences from Bcctcrin (Protethacterio, Olanobacrcrio, and
gram-positive organisrns) irs wcll as fronr Arc/ura (34) shou.'cd
that phylogenetic trces hasecl on rccA setluences .lispluycrl
topologies ancl resolut ion sirni lar to those of L6S-rRNA-
gene-based trces. Subsecl lent stu(l ics hlve f ircuscd on vrrr i-
ous groups of blctcria.

Mycohacteri ir l  spccics often h:rve vcry sini i l rrr l (rS r l lNA
gene sequences (e.g., Mrcobactcrlurn /carrsasri :urtl Mycobac-
terium gasni l ' ravc identical l65 rRNA gene sctlucrrccs),
which nray hindcr t l .reir rrccurare iclenti f icrt ion (109).
Ccxnparison of phylogcnetic rrccs hasctl  on l65 rRNA ge nc
and recA sL'quences rcvealecl a generir l  l ikenrss in t()pology
(11) .  Howcver ,  un l i ke  rhe  165 rRNA gene,  scquence s lmr -
larities of the recA gene ure significantly lorver berwcen
species (e.g., 96.2% Lrctu'een M. l lansa.sl l  :rnd M. pa.srr l) ,
al lowing a more rel iablc species-leve I i r lenti f ic ir t ion ( l  I  ) .

The family Vibrknacc,tt  c()nt ir ins six gcncr,r,  inclLrt l ing
the genus Vibrlo (containing 44 specics). Tfre classif icrt ion
and identi f icat ion of vibrios to the specrt 's lc., 'e I  rerluire the
application of state -of-the-1trt  gcltomic analyses, inclrrJing
amplified fragmenr lcngth polyrnlrrphisn.r fingerprint ing ur-r11
DNA-DNA hybricl izat ions (108). Tl"rornps()n er l l .  rrsed
recA as an alternative phylogenetic marker in the Vihrio-
naceae (106). Their data showed that there rvirs a relat ivcly
good correlation betrveen recA anil 165 rRNA gene se-
quence data but that overi,rll recA gene scqucr)ces werc
much more discriminatory rhan r'"'crc 165 rRNA gene
sequences. The recA data also showed that Vlbrlu sllcius
appear t . l  be polyphylcrrc.

Species-level iclentification of Burkholderia species, und
most notably of mernhers of the Burkhr-,Ideria cepucia tont-
plex (a group of closely related s|L.cies :haring >97.7' lo l65
rRNA gene sequence similarity), is not stririshtfor*'artl
(2i).  165 rRNA gene secluence analysis is of l imitcr l  vi l iue
in the genus Burkhold,eria (especinlly in the B. celrncla eorn-
plex), as its resolution is too lorv to aliow itccurate irlentifi-

cations. Recently a recA-based approach for identifying
Burkhokleria species was developed (85). With this
approach, it was possible to identify allBwkholdeia species
to the specics level. In particular the degree ofresolution of
the recA phylogenetic rree for members of the B. cepacia
complex rvas much greater than that observed with 165
rRNA gene sequence analysis (Fig. 1). However, the pres-
ence of discrete recA lineages within some members of the
B. cepacia complex adds an additi.rnal layer of complexity.

Otl.rer frequently used molecular markers include gyrB,
rpoB, rpoD, and hsp60 (see, for example, references 3, 19,
7 0 , 2 9 , 5 6 , 7 5 ,  7 6 ,  9 8 ,  a n d  1 2 7 ) .

Multilocus Sequence Analysis
Howcver, evcn trees btrsed on these altemative markers
have heen criticizcd, as concern was raised that any single-
gcnt: tree cannot irdetlrately reflect phylogenetic relationships
becaLrse of the possibility of horizontal gene trirnsfer, vari-
able rnutatirxl rrtes, variable rates of recombination, and
siniple stochastic variat ion (24,46). The ad hoc c()mmirree
frrr thc reevirluirtion of the species definition in bacteriology
pr,rposerl tl-rat :r rninirnum of five housekeeping genes be
scclucncctl to irchievc an adequately infrrrmative level of
pl ' rykrgcnetic clatu (100). In analogy with mult i locus se-
quencc typing (u sequence-based typing rnerhod primari ly
uscd to clistinguish infrirspecific groups within named species),
this polygenic irpproach has been cal led mult i locus
seclrencc analysis (MLSA) (46). MLSA is srirrr ing ro
hecolne con'rm()l) practicc in taxonomic studies (see, for
exarrrple, refcrences l ,  19, 20, 56, 76, 82,83, 98, and 107),
antl it is anticipated that in the future it may replace DNA-
l )NA hyhr id iz l t ions  (46 ,  100) .

(llirssificirtion of microorgirnisms by MLSA could rely on
either orrc of two upproachcs. In the first approach, one may
select a univcrsal set of genes that al lows f<rr the hierarchi-
cal classif ic;rt ion of ir l l  prokirryotes (92, l l l ) .  However, this
iclca mly be impri ict ical,  ancl sincc wc are ( in general) less
interested in thr r leeper phylogenetic relat ionships between
gcneru, a rnorc rcirlistic lpproach is to look for sets ofgenes
that can be rrsccl withir-r al l  strains of ir  part icular group (a
gcnus or family). Tl ' re rclson behind this thinking is that
genes that are ir-rfirrmative u'ithin a given genus or family
lnay not bc usefirl ()r even present in other taxa. A[so, genes
thrrt are c,rnserved enough to be amplified by a common set
of prirners f iorr i  al l  species may n()t evolve quickly enough
to distir-rguisl'r ckrsely re late.l t:rxa. Nevertheless, some genes
may be infirrmntive rn rnore than one group-specific set, and
thesc rnorc r.r,idely distrihLrted genes could provide tools for
hrol i t ler comparisons. Thc gcnes used in MLSA should be
ul. iquitoLrs (at le ast in the raxon under study) and present in
a sir-rgle copy, hut those genes in wirich recombination
might crnfer rr select ive aclvantirge (e.g., virulence- and
antigen-cncoding ger.res) or closely linked genes should be
avoidecl. Reccntly, a novel tool was described that automat-
iciilly makes a sclection of representative proteins for bacte-
r ial phylogeny (9).

The simplest approach is to concatenate the sequences
of the scts of homologous genes and to use the concatenated
sequenccs to c()nstnlct a tree (see below) that can del ineate
clusters thirt can aitl in the division of the senus rnro
) lcc ic \ .  l rok : r ryo t i t  i Jenr i f i c l t ion  in  th is  scenar io  i s  a  two-
step process. lrr the first step, l65 rRNA gene sequencing is
used to assign an unknown isolate to a group (genus or fam-
ily). In the second step, genes and primers specific for that
group are used in MLSA to assign the isolate ro a species.
We qrrulcl like to emphasize that, irt present, there are no
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to one specics, and (iii) much of tl're "specificity" in this
group can be attributed to plasmicl content.

PHYLOGENETIC ANATYSIS
This section airns to briefly discuss the different sreps in
constructing evolut ionary trees, including col lect ing data
sets of homologous sequenccs, gr:ncrzrting a multiple-
sequence alignment, inferring tree topology, and assessing
confidence in the tree. In addition, some theorerical back.
ground is given. For furtl'rer details, the reader is referred to
ir number of recent reviews (6,55,57, 119) and two recent
books that highlight the topic from a more pracrical per-
spec t ive  (49 ,91) .

What ls a Phylogenetic Tree?
A phylogenetic tree is a tree-like diagram that depicts the
evolutionary relationships between different genes or or[lan.
isms. All trees have branches and nodes. External nodes are
often called operational taxonomic units (OTUs) and are
the terminal points where the evolutionary process has
yielded the sequences under analysis. lntemal nodes are the
points where branches split from each other and may be
called hypothetical taxonomic units to emphasize that they
are the hypothetical progenitors of OTUs, also referred to as
the last common ancestor of everything arising from it. Mo-
lecular phylogenetic trees are usually drawn with proportional
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guidelines to delineate species birsed on MLSA and thirt it
is therefore necessary to "calibrate" novel MLSA schemcs
by using DNA-DNA hybridization values (76, 100). Twcr
examples of the use of MLSA i,rre givcn be low.

Godoy et al. used MLSA to rnvesrigare the relationships
among the closely related organisms BurkholAeria malbi,
Bwkholdzia p s eudnmallei, antl Burkhokltria thnilandtnsi s (47 ) .
MLSA slrowed the clear separatiorl t>f B. pseurlomallei isolates
from those of B. dwilandrnsis, a finding consisrcnr with other
data that indicate that they are different species. l{owever,
MLSA also showed that B . mallei is a clone wirhin ts. pseufui-
mallei, raised to species stirtus due to its ability to cause a dis-
tinctive disease (i.e., equine glanders) in horses, mules, and
donkeys.

Similarly, MLSA was used to investigate the relation-
ships among members of the Bacillus cere?s group (including
B. cereus, Bacillus thwinglensis, Bacillus anthracis, and Bacillzs
mycoides) (87), confirming that strains of the insect patho-
gen B. thuringiensis correspond to several distinct lineages
within the phylogeny of the free-living soil bacterium B.
cereus. B. anthracis, on the other hand, appears to be a spe-
cialized clone of B. cereus that was recognized as a single
separate species because of its capacity to cause anthrax.
These conclusions are confirmed by whole-genome compar-
isons (5, 88), in which it was shown rhar (i) genomes of
members of this group show a high level of synteny and a
high level ofprotein identity, (ii) very few genes are unrque

=f-- B.pynocinia
L 8. stebilis

y - a. lrl/etnamiensis

Ly- B. ceoacia
I B. anthina

B. dotosa B. anthina

Pando/8,ea apistaPandonea apisb

FIGURE I C-omparison of phylogenctic trccs based on l65 rRNA genc (right; scale l.:rr indicates 1%r
sequence dissirnilarity) and recA (left; scale b:rr indicatcs 5'lu setluence dissirnilarity) sequcnccs ofa selec-
tion of l},rrkhoirleria species. Scquences were extracted fronr C)enBank un.l were alignecl by using
BioNurncr ics 4.0 (Appl ied Maths,  Sint-M:rr tens-Latern,  Bclg ium),  and rrccs were c()nsrrucrcd based on
thc NJ algorithm as implementccl in BioNumerics 4.0.
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branch lengths; the length of the branches corresponds tcr
the degree ofsequence divergence, or amount of evolut ion,
between the two nodes that thcy connect.

Phylogeneticists often speak of rootetl ancl unrootecl trees.
An unrooted tree onlv oositions the individual taxa relativc
to cach other without indicatins the direction of the evolu-
tionary process. In a rooteci tree, a root represents a common
ancestor of all sequences anirlyzed and therefore implies the
order of branching in the rest of the tree. A tree ctrn bc rrxrtetl
if one or more of the OTUs form irn extemirl rroint of ref-er-
ence and are knorvn as, r)r irrc believcJ ttr hc, thr m()st dis-
tantly rclatcd of the f)TUs (i.e., outgroup routing).

Phylogenetic trccs illustrate the relationship among tl-re
sequences analyzccl; thercfore, tl-rey :rre nlwirys gene trecs.
Whether these gene trees arc specics trces :rnd can he intcr-
pretcd i,rs representntive of the orgar-risrnal phylogen_v-that is,
the topokrgy that traces tl.re history of the replicating cell lin-
eages that transmit genes irn.l genornes tO srrccessive gcncr2l-
tions--<lepentls on thc gcnc selectecl. An examplc of a robust
hypothesis for organismal phyltrgenies basecl on a rnultigcnc
appnracl'r ar-rtl applied to the cusc of 1-pnrtcobactcria hrs be'en
published by l-erat et r l .  (77). Whut should bc consit lere. l  the
organismul phylogcny', if irny', is a topic heyontl thc scopc of
t h i s c h a p t e r ( l l , 1 2 5 ) .

DNA or Protein?
Nucleoticle sc(lucnccs niay be cotl ing or noncotl ing. For
protein-cocl ing gcncs, thc al ignrnent can bc accomplishctl
basetl  on t l tc nrrcleoti t lc or the umino acid srqurnces.
Bccause i t  is the DNA that contlr irrs ul l  t l ' rc infbmrrr i()n t()
crcatc fur-rct ionrr l  protcins, i t  is often t lxrtrght that the l)NA
serluencc shoukl also be rrserl  in molecrr lar phykrgeny.
Horve., 'et,  therc rtre rel ls()ns rvhy i t  nray be more apfr( rpri : t tr .
to use pr()tein sequcnccs f irr  srrch unlr lyses (84). ( i)  In fr l t t  in-
coding scrlrrenccs, the f irst an.l  seconcl ntrclcotidc of each
codon are less pronc to thr incttrpomtion c)f mutrrt i()ns
bec:ruse i t  i r l rrost ahvays lcatls tr-r a chrrnge in irmino ircir l .
\Vhen one c()n)pures se(luenccs that havc diverged for possi-
bly hundrct ls of rni l l ior-rs of ycars, i t  is l ikely that thc thirJ
codon posit iotr has become saturirterl ,  result ing in posit i t ,ns
with no phylogcnetic signl l .  This pit f i r l l  is a' , 'oided by l txrk-
ing :rt  amino acit l  scqucnce or by exclucl ing the thirr l  posi-
t ion fnrnr errch co.lon in the ul ignrncnt. ( i i )  IJecirusc [)NA
is composeJ ,rf  only fr lrr  t l i f ferent rrnits, two randomly cho-
sen al ignctl  sccluences rvi l l  have on uverrrge 25% it lenticl l
residues i f  gaps irrc not l l lor i 'eJ. This percentirge incrcrrsc:
even up to 50'Xr when gaps are al lou'ecl.  This situi l t i r ,n nriry
obscure uny genrrinc rclat ionship thut rnay exist betlr 'een
two gene se(lLrences. By contrast, the al ignment of prote ins
with t l-rcir Z0 arnino irci t ls is less cuml,ers, lme. On i lveri lsc.
5%, of resit lrrcs in trvo r lnt lornly ch,rsen and al igned se-
quences woult l  be idcntical.  Evcn rvith gaps, st i l l  only lO to
l5olt  o{ resicfues are iJcr-rt ical.  Tir is si tuation makes rrrorcin
sequcnces e asier to al ign irnt l  al lows the signal-to-r-r,r i . :c rari ,r
to improvc signilictrntly.

In general, it is strongly recommencled t,:r analyze both
DNA an.l protein datn sets. For a groul-r of ckrsely related
species or t i rxa, DNA-basecl analysis is probably :r good
metho.l hecatrse problerns likc .liffererrces in coclon bias or
satlrrat ion of the thircl  posit ion of codons cirn be avoided. In
cirse of arnbiguity in the al ignrnent of gene sequences, l t  rs
recommendecl to first tr:rnslate the seLruences to thelr corre-
) l ( rnJ ing  f r ( r tc in  se( l t rcncc  r rnJ  th rn  tu  r t l ign  and Jc te rmine
the posit ion gaps in the DNA sequence according t, '  th.
protein ir l ignment.

Collecting a Set of Homologous Sequences
In an evolutionary irnalysis, it is absolutely required to study
homologous sequences, i.e., sequences that share a common
origin, as this requirement is a basic premise for phyloge-
netic analyses. It makes no sense at all to generate a phylo-
genetic tree of unrelated sequences (38). Homologs can be
orthologous, paralogous, or xenologc'rus (66). Orthologs
duplicirte only rvhen their host divides, i .e.,  along with the
rest of the genome. They are strictly vertically transmitted,
so their phykrgeny traces that of their host lineage. Paralogs
and xenokrgs irre members of rnultigene families that arise
by intragenomic gene cluplication ancl by horizontal gene
transfer, respectively. Keeping this dist inct ion in mind is
important, particularly rvhen the ol.ject of a phylogenetic
rec()nstruction is to estahl ish cvolut ionary rclat ionships
betu,een organisms. lf paralogous or xenologous genes are
unknorvingly consir lcrcd, recovery of incorrect species rela-
t ionships is l ikely.

l-ftrmology benveen sequences is an all-or-none lroperty
(i .e.,  nvo sequences are either homologous or not) and is
irlways a hypothesis. Therefore, an inclircct mcthocl is neces-
sury to nssess expcrimcr-rtal ly rvhether tw() sequences are
homokrgous. In most casos thc lci . 'el  of sequence similari ty is
thc cri terion trsecl (e.g., E-vir lue or sirni lar i ty scorc cutoff).
Horvcvcr, sequences rriigfrt har.e clivcrgec'l to the cxtcnt that
thcir common origin is untraceahle by u direct sccluence
comparison. It bccomes ."'ery clifficult to correctly cletect
hornokrgy for pxi15 with ir p:rirwisc sequence identity
bctu'ecn 20 anil J0%,, the so-cirllecl tu'ilight zone (90). One
shorrld rcnember that highly t l ivergent sequences should he
excluclet l  in t l ' rc cvolut ionary anir lysis, as they prevent a rcl i-
ab[e :r l ignnrent.

Once one has tlecidetl which phykrgcnetic rnarker u'ill he
studied (scc abovc), the first prlrctical step of builcling the
clata set oftcn consrsts of recoverv of reference secuences from
public clatuhirscs. ()nc sr:rrch stnttcgy f. ' r  f in. l ing a set of
relatetl sequenccs is ir kr:ywor.l scarch in public databirses
(e .g., rrsing Entrcz or SRS). Although this stratcgy is easy and
seenls ln()rc intuitive, it is fiir from exhatrstivc. Dilfrcuity
arises ulrstly becirusc rnany duta entries are incorrectly or
hatlly annotatetl un.l thus hurcl to fincl with keyword searches.
Ti.r compile ir comprchensive duta set, sequence sirnilarity
searcl'ring (c.g., using BLAST or FASTA) is strongly recom-
rnen,-led. A considcration to he nntle in the selection of
seqlrence sarnpling is ti'rat tl-re range of organisms sampled
should irccurately reflect the totirl diversity present rvithin the
rlngc of organisms untler considcrirtion.

A well-chosen ()utgr()up shoul.l not be ttx'r distantly
related because the sequcnccs rnay havc hecome saturated
with rnultiplc mut:rtions, by which inforrnation may have
been erasecl. It slroultl :rlso not be too closely related, to make
sure it is rr tnre ()utgroup. [n the absence of an outgroup, the
best guess is to plilce the root in the midclle of the tree (i.e.,
miclpoint r(x)t ing), or better, not to root i t  at al l  (6).

Creating a Good Sequence Alignment

Mult iple-sequence al ignments are the essential prerequisite
for most phylcigcnctic rrnalyses. Any phylogenetic inference
based on molecular clata begins by cornparing the homolo-
gous residues (i.e., those that descencl from a common
ancestral resiclue) among tliffcrent sequences. The best way
to do tl-ris is to align sequences on top of each other, so that

X"**lt:X"lesitlues 
fmrn different sequences line up in the
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sequences, information about secondary structure can be

grih"r"d only by using secon.lary structure predict ion pro-

grams. Applications that integrate structural, lntormatlon

i.rt.r th" ulgt-trn..t, process have been published (e'g'' PRA-

liNE lsel,"u"d MASS []21). When DNA sequences from
prutei.t-cir,ling genes are aligncd, ()ne can also obtain an

irnpr,ru.d alignment by fnsr aiigning the inferred amino

".i'J."qu."."s 
and then performing a codon-by-codon back

"ligr-rrn"r-r, 
of the corresponding-l)NA. sequences' Software

oofk"u", that :rutomatiially perform this task are available

i . .g . ,  r  ranrA l ign  anJ  Ro Tr i rns)  (  I  0 '  I  I  B)  '' 'ir-, 
.,r.t.lu.ion, shortct,mings ,'f tntrst methods to,keep in

mincl are that (i) they are r',,,i gu,t,a.tt""d ttr find the opti-

rnal al ignment, ( i i )  the optimal al ignment.t l ' res not neces-

s,rr i ly . . ,rr . ' rp,, t tJ t ,  r  I  l te :r l  igntnent of homtrl t tgt 'us posit  ions'

and'(iii) ar-t aligr-r*"t-tt is gcncrated alstl for random se'

cluences'and in iegions of the proteins where variability is

too high to be rcl iable.

Inferring Tree ToPologY
Reconstructing thc phylogeny from a sequence alignment is

not straightftr iward^(1OZ). Tl.rere are no uniquely correct

,"" i t- t t t l t?,r.  infcrr ing phyl,rgenies, many mcrh'rJs exist,  and

it is rarely possiblc t<,r veri fy t l l rr t . 'ne hrrs-arr ivet l  at the true

nhul,,e"r-r.ii. trcc. Thcre iire currcntly ftiur primary meth-

,r lr  f , i i  cortstrtrct ing pl iylogcnies from protein and nucleic

acitl secluence ,rlignurents' the distance-hased NJ method

and the'chanrctcr-based mcthods, inclucling maximum par'

;i?:il.:"P), 
mirximttm likelihoocl (ML), and Bavesian

Dis tance-Based Methods

I)istirnce-based rnethocls (".g., NJ) are relatively simple and

straightfrxr.vard; starting frorn a scquence alignment, the dif-

i"r"i.". be twcen rrll pairwise comhinations of OTUs (t)NA

or prtiteitt sequences) irrc converted into ir distance matrix

that represenis irn cstimirte derived from -applying a so-

called evoluti()n:rry or suhstituti<in modcl of the evolution-

ary dist i ' rnce bctu'een scqucncts (scc ftrrthcr) '  .These dis-

ir.,.". n." than assembled into a tree' A 'lisadvantage of

distance methods is that they reduce thc phykrgenetic

inform:rtion to one number. The major advantage is that

they are nttch less colnputer intensivc, wfrich is inlpc)rtant

when many taxa have to be ct lmpared'

Character-Based Methods

Character-based methods examine each column of the

,rlisnmcnt scprrrrtc[y (errch position in the aligned sequences

i. e "charecter"). Thev ltxrk for the tree that hest accommo-

Jr r tes  a l l  , ' f  th i :  in f , r rmat ion .
MP methods sclect the tree that explains the data

obserr.,ed in terrns of tl-re minimal numbcr of possible substi-

tutions. It is often the case that there are several trecs, typi-

."itv alff"rlttg only slightiy, that are consistent with the

,"*e ,lu*beiof events and that are therefcrre equally parsi-

*o"iuut. This method is becoming less popular mainly

As an optimal sequence alignment by- a simultaneous

comparison of all N sequences is essentially impossible for

four-or more sequences (due to the enormous computer

memorv and time needed), most multiple'sequcnce align-

ments are constructed by the method known as "prtrgressive

sequence al ignment" (17). That is, an al ignment is bui l t  up

stet*ise, staiting with the rnost similar sequences and pro-

greisively adding the more dissimilar ones' CLUSTAL is

iuitho.,, doubt ihe softrvare program most widely used to

align a set of mttre than two sequences ( 1 7 ) and constructs ll

muitipl" alignment in three steps. The first step involves

perfoiming ilI pairrvise comparisons bctwcen the sequences

ind  genera t ing  a  J i . tance tna t r i x  rcprcsen l inH f r i rw ls r '
,"ou"lr,." simiiarities. Secondly, based on this rnatrix, a

guid" t."" is constructed by using the neighbor-joining (NJ )

i.,eth.rd (see bekrw). Note that this is a "quick and dirty"

tree and is unsuitirble for serious pl'rylogenetic inference'

Final lv, thc al ignmcnt is bui l t  up prlgressively by a series of

p,r irwise al ignments f, , l lowing the branching ort l t :r  of the

guloe tree.- 
Prog."rsiu" al ignrncnt is fast but heurist ic; ic ' ,  i t  does

not guarantee finiing thc most optimal soltttion' Tl're rnlrjtlr

n roh lem wi th  p r , ,g rcss ivc  scquenct '  l r l i gnment  I r ( )Hr i l lns  t5

th" . l"p., ' ,d"., .1" , l f  , l t .  ul t i r i rate rnLrl t iple-sequencc al ign-

..r1, o.t  the init ial  pairwise sequence al ignmcnt'  Match

errors during early stcps in the alignrnent-protocol ilre accu-

mulated u.,J ptop"grt"d, leading to furthcr crr()rs in later

steps. This problem is ulso referre.l to irs the "once a gap

al*av. o cap" problcm (37). Gaps can only he irddccl or

en la igeJ ,  .au" i , r t , tu "J  o r  rcm, 'v t ' . | '  Thc  la l r ( r  : l c l i ( ) l l s

w.,.,li make the alignrncnt process mrtch slowcr' This-pretlica-

ment obvittusly results in errors that ncecl mltnual rttljust-

ment to tninimize insertion and/or clclction cvcnts lltltl tcr

improve the quality ,rf thc alignment, :r wiclespr':atl ancl

fa i i l y  we l l -uccepteJ  c , t r r t ' c t r t 'n  ( ( r ) '

O.t.. ur-t uiigrt*"t'tt hirs been created and mirnually

checked or adlt,siccl, it is necessary to sclcct rvhicl-r positions

will be .,sed io. subsequent analyses' Since irn alignrnent

makcs statements irbout thc homology tlf irtuin'r atiJs or

nucleotides present at each pclsition' it is important ttr

include only-unambiguously aligned sitcs' If thtre are gaps

in the alignment, it can he diffictrlt to say confiJently that

all positions are correctly aligned. Furthermore, the pres--

"".'" "f 
incomplete sequences and variations in length of

terminal regions of genes c2ln ntean that some alignment

positions a.-. p.r.r.ly ianpled' with rnrssina Jat'r' These arc

nreferential lv p()sir ions to lhr"w away' refcrreJ 11r 115 "51rip-

pi.re of the alignment" or "masking of data'" It is a compli-

ca teJ  anJ  cont r ( )vers ia l  p l r r  t r f  phy logcnc l i c  i ln i r l ys t ' s ,  l ' t r t  i t .

is clear that in tn,rrt.or.. masking increa\es the zrccuracy of

tree reconstruction (57). Programs such as Gblocks (16)

obiectively assess which parts of the alignment rre strffi-

ciently conserved and useful for phylogenetic analysis' .
The use of structural information can improve an align-

ment substantially, because secondary structural eletnents of

functional RNAs and structural features of proteins are

often more conserved than are primary sequence featttrcs

(53, 90). As almost all RNA molecules form secondary

structures, one can outperform the classical approaches by

taking structure information into account' The software

tool SuuctMiner efficiently detects and aligns conserved

structural patterns (128). Ifa three-dimensional structure of

the prot"rn is available, the secondary structure can be

deduced by programs such as DSSP (68) or STRIDE (44)'

In the absence Jf tertiary structures for a query set of protein

U".rut" MP generally uses a simple model of sequence sub-because Ml' generally uses a slmple lnooer-ol scqucrrutr rut'-

stitution (ali.changes are equally probable)' Moreover, it

h^, b""., thcttt't th,it, for moie divergent sequences, MP is

prone to tecover tncorrect trees (72)'
' 

ML -.thods seek to identify the single most probable

tree on a statistical basis, given the chosen model of se-

qu..r." evolution. It is a method that allows correcting for

m.,ltiple mutational events at the same site and therefore is

more suited to accurately reconstructing the relationships
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between sequences that have been separated for a long tirne
or are evolving rapidly. In ML, all possible mutational path-
ways that are compatible with the data are considered, and
the tree that has the highest probability (i.c., the likelihood
of the tree) of producing the observed sequences is prc-
ferred. The main advantage of ML over MP is that ML per-
mits the inference of phylogenetic trees by using cliffcrent
(more complex) evolutionary models (see belt.,rv). This
truth of course implies that the obtainecl result tlepen.ls on
the accuracy and assumptions incltrded in that moclel.
Although such modcls are sirnpler than is the truc process
underlying sequence evolution, they seem to be relativcly
robust to violat ion of their sinrpl i fying assumptions (60).
The main obstacle of ML is the computational burden; i .e.,
the number of different tree topologies tl'rat havc to hc cval-
uated increases enormously as n function of thc ntunber of
sequences. Even with adaptations of the ML method, strcl-r
as TREE-PUZZLE (95) or the fastDNArnl program (,{), to
the most modern cornputer technologies, construcung rrt:cs
of 40 or more sequences becomes very impracticirl. Bayesiirn
estimation of phylogeny holds promise as irn nlternutrve to
ML, particularly frrr large moleculirr-sequence clat:r scts (61 ).
Bayesian inference of phylogeny is birsed upon 1l qu:rntit)
called the posterior prohability distributior.r of trees, r.r4rich
is the probabil i ty of a tree concl i t ioned on thc obse rvirt i ()ns.
The condit ioning is accomplished by using Bayes's theorcnr.
For more comprehensive infcrrmation, it is irnpossihlc to
come up with a mtrthernaticrl .lefinition; therefirre, we rele r
elsewhere (61). The aclvantages of this method are nurner'
ous. Firstly, like ML meth()ds, it is based on the likelihootl
function, so i t  inherits many of thc desirahlc stat ist ical
propert ies of ML. Seconcl ly, i t  al lows ()ne to inc()rpor:rte
prior informati()n ( i f  nvai lahle), e' .g.,  a systematist 's prior
confirmed conviction irbout the phylogeny of the groulr
under study. Thirdly, it has mirjor c()lnputati()nal aclvrrr-rt,rges
and therefore alkrws one to study large clata sets and ilrplc-
ment complex moclels of sequence evolut ion. Final ly, i t  not
only produces ir tree estimate but also rneilsures phyloge-
netic uncertainty for the grr)ups on the trce (cornparable ttr
bootstrap values on ML trccs; see bekrw). Thcse mcasurcs
are more intuit ive, as they represent the posterior probabil-
ity that the group is trrre, rrncl are thus lnore easily inter-
prered.

Evolut ionary Models
In order to estimirte the genetic or evolutionirry rlistarices
between pairs of sequences, ir mathematical model is necessirry.
Simply counting the observed dilferenccs between se(llrenccs
does not accur:rtely reflect the evolutionary clistances betu'een
them. It fails to take into ilccount superirnposecl nlrltiple
changes at indiviclual sites (including back mutations), JilTe,r-
ent mutational rates depending on nucleotides or arlino acitls
or among sites of alignment, anci different rates of mutirtion for
different lineages ancl therefore makes a corrcction obligatory.
An evolutionary mrxlel is a set of irssumptions ahout the
process of nucleotide or amino acid substitutions. They .le-
scribe the different probabilities of change from onc nuclc-
otide or amino acid to another, with the aim of correcting for
unseen changes along the phylogeny. A gtxrd visu:rlizltion
illustrating the different moclels is shown by \W4relan et :rl.
(119). Various models have been developed to try to estimrtc
the true difference between sequences based on their prtsent
states, such as amino acid substitution matrices (e.g., I)ayoff,
Blossom, etc.) or gammn corrections (considering amr)ng-sitc
rate variation), etc. (for a recent overview, see reference 13).
The choice of an appropriate model is paramount to i:rccurate

evolutionary reconstruction. Good fit to an accurate model
should provide a robust analysis. Good fit to an inappropriate
model can be seriously misleading. Whereas MP implicitly
assumcs a model of evolution, distance and ML methods esti-
mate p:rrameters accorcling to an explicit rnodel of evolution.
Hower.er, rvhereas distance rnethods estimate only a single
parameter (substitutions per site) given the model, ML can
estilnirte all the rclcvant oararneters of the substitution model.
One should note that a mdel is always slmplified and often
makes assr.rmptions just to tum a complex problem into a com-
putationally tractahle one. But a model becomes a powerful
t<xrl rvhen, despite its sirnplifietl assumptions, it can fit the data
irncl rnrke accurilte preclictions about the problem at hand.
Programs exist to help one in selecting the best-fit mtxlel fcrr
nucleoticlc substitutkrn (M()[)EITEST) or protein evcilution
(PROTTEST); both are also available as \Veb tools (1, 86).

Bootstrap Analysis
How rvell ciin ()ne tnlst the tree that one hirs c()llstructedl A
popular wiry of asscssing thc robustness of the topology of ir
trce is rronpunrnetr ic brxrtstrapping (15). The bcxrtstr:rp
anir lysis tcsts u'hcthcr thc whole data set is support ing the
tree ()r i f  the trce is just a rnarginal winner alnong lnany
neurly et lul l  al ternatives. ln practice, such analysis goes
as follorvs: fiom the original alignrnent, columns in the
sequencc ir l ignnrent :rre chosen irt  random, unti l  i r  new
alignment is constrtrcted with the same size as the ()r iginal

t ,ne . Solne chur:rcters wil l  not be included at al l  in e giveu
btxrtstrap repl icat ion, u'hi lc othcrs might be incltrded more
than once ( i .e.,  the "sarnpl ing with replacenrent" principle).
For elch urtificial .latn set, a tree is constructed nncl corn-
plrcd rvith thr trec basc.l or-r the original alignment. The
nunrber of t i rnes thnt a cluster, as defined in the original
tree, is also ftruntl in the h(x)tstrap tree, is rccorded, an.l the
result ing l tootstrrrp vulues are supcrimposecl on the original
tree.

Onc t l i f l iculty rvi th this rnalysis is the precisc interpreta-
t ion of $'hat b()()tstr irp valrrcs rcpresent (t)9); highcr is
clcrrr ly bcttcr, but what is a rcasonable cutotTl Some have
concltr. le. l  t frat values of 7O'ln or higl-rcr are l ikely to indi-
cate rel iahle groLrpings (54). But this cutoff is not general ly
ircce pted. More t l iscussion of the interpre tat ion of bootstrap
vulrrcs hris been published elsewhere (16).

The rnajor arlvilntage of thc bootstrap technique is that
i t  c:rn he appliet l  to birsicl l ly al l  tree construction rnethods,
althotrgh one h:rs to kecp in mind that applying the boot-
str irp nret lx)d nrult ipl ies the computer t ime needed by the
number ()f  b()otstrap samplcs recluested. This drawback is
n()t l c()ncern when u first rrnalysis (like NJ or parsimony) is
empl,rye.l ,  br-rt  i t  can be :rn ,rbst ircle whcn ML is used. A
B:ryesiar-r analysis takes :rs long irs an ML analysis, but as
implernentetl in the software package MrBayes, it does not
have thc sarne rlmwback becausc bootstrapping is not nec-
essary. lnstead, it provitles Bilyesian posterior probabilities
as int l icutors of l  ranch support (55).

General Guidelines
Thcre are three main reas()ns rvhy phylogenies may be
incorrect. First, a rantlom error occurs when the informative
sites (or clatir points) :ire limitcd, resulting in any tree that
could be generirted. We can copc with this problem by
applying enough data and use bootstrap values as an indica-
tion of the extcnt of the ranclom error. Having many data is
not en,-rugh, as a second problem is caused by bias. An esti-
mittion (tree) is biasecl if the di,rta set is not representative of
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the underlying distribution. For example, two sequences
can be clustered together just becar.rse they both share an
unusually high G+C content. And thirdly, there is a sys-
tematic error, i.e., tackling the problem in the wrong way by
using an incorrect model (modeling error). Methocls c:rr-r bc
misleading no matter how many data one has. Thercforc,
no guarantee cxists that one can produce the one trce with
the correct topology. In order to be arvare of the reliability
of the topology of the resulting tree, one or all of the ftrllo"v-
ing should be done,

1. Apply different tree-building methods to the clata sct.
2. Vary the parameters used by the different progrirms.
3. Apply different evolutionary rnodels for nutrix eLrn-

struction.
4. Add or remove one or more OTUs to see the influ'

ence on tree topology.
5. Include an outgroup that may scrve :ls a r<xtt for thc:

tree.
6. Apply bootstrap nnalysis to the datir set.

A tree should be considered robust irt-rcl thus reli:rble only
when widely different methods infer similar or identical trec
topologies and when such topologies are supportcd by good
bootstrap values.

Phylogenies from Multiple Genes
Unti l  recently, phylogenetic analyses have been routinely
based on homologous sequences of a singlc phylogenctic
marker, i .e.,  the 165 rRNA gene am()ng birctcria (122).

Cliven the vast numbcr of genome sequences now avai lable,
it is possible to compute trees from whole genorncs (sce
"Use of Whole Gcnome Sequcnces ftrr Phylogeny" be low).
However, reseirrchers will not hirve access to full genortte
clata from thousirnds of species in the imrnetliatc future.
Given these constrirints on data trvailability, wc ftrctts hcre
on the use of multiple genes for constructing phyloge'nics,
i .e.,  MLSA (see "Mult i locus Scquence Anir lysis" abovc).
Two main reasons for using multiple loci follow: (i)

sequence-based approaches to ttrganism phylctgeny rt'qrrir.:
loci that evolve more rapidly than do rRNA genes, in , ' rJer
to increase phykrgenetic accuracy (89), and ( i i )  mLrlt iple
genes provide a buffer agirinst the distorting phylogcnetic
signals at a single locus, such as effects of recotubinittion,
gene conversion, and horizontal gene transfer (77). A soft-
ware package (VisRD) allows a graphical inspection of the
phylogenetic content of a sequence alignment to detect
recombination and recombination breakpoints (42).

The main question that this section adclresses is how ttr
infer a phylogenetic tree from multiple genes. There nre two
fundamentally different ways. A simple approach is tu ctrn-
catenate rnultiple genes head to tail ttt form a super-gene
alignment, assuming that all positions are indepcndent i'rnd
identically distributed, and construct a trec. Although tl'rere
are definitely arguments in favor of this approirch (10), one
cannot ignore the specific evolutionary features f<rr each of
the genes (94). Estimation of a phylogeny aiways assumes a
model of evolution, but because different genes likely have
different evolutionary constraints and/or pressures, the
parameters (including tree topology, branch lengths, rate
heterogeneity among sites, and substitution probahilities)
may change from gene to gene. For example, the substitu-
tion model may vary from gene to gene because of tliffer'
ences in G+C content. At the extreme, different genes
may even support different tree topologies because of hori-
zontal gene transfer. Therefore, it might be appropriate ttr
describe the evolution of each gene by its own set of para-
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merers. This method is a second approach, in which phylo-
genies are inferred separately for each gene and the result-
ing gene trees are used to generate a consensus phylogeny,
This strirtegy gives a more conservative and a safer estimate
ofevolution, because it produces only high resolution in the
branching pattern when there is at least a majority consen-
sus aln()ng the different gcnes.

A test (the likelihood ratio test) to examine whether dif-
fcrent genes support congnient trees and whether we can
ignore gene-specific effects via concatenation is available
( 1 1 5 ). When f:rced with differe nt histories, there are at least
three obvious ways in which one might represent phy-
logeny: ( i)  as the col lect ion of individual histories, ( i i )  as a
trec representing the single dominant pattern among data
sets, or (iii) as a network. A cttnsensus network attempts to
represent all phylogenetic signals present in the given set of
genc trces, simultaneously, up to a given level of complex-
ity. In the resulting nctrvork, regions of the evolutionary
history that are undisputed within the set of gene trees
a1-,pear tree-l ike, whereas regions containing confl icts are
shown as a box of parir l lel  edgcs (a spl i t) ,  the "dimensional '
ity" of which reflects thc number of conflicting signals. A
comprehe'nsivc software package for analyzing and visualiz-
ing a rnult iple-gcne data set is Spl i tsTiee (62).

usE oF wHoLE GENOME SEQUENCES
FOR PHYLOGENY

Genome Tree Approach
Since the publication of the complete gcnome sequence
o{ Haemophilus inlTuenTae Rd (41), over 350 completely
scquenced rnicrobial gcnomes havc been published, and
,,'u,r'ry ur,r." arc under way (for an overview, see http,//www
.genomcsonline.org/). Although there has been a general
tendcncy to focus on organisms with prarticularly interesting
propcrtics (most notably human pathogens), by now the
available complcte genome sequcnces give a more or less
irdequate picturc of the genomic diversity observed in cul-
turable prokaryotes. A good starting point ftrr browsing
through cornpleted gcnomes is the CBS Genome Atlas
Dirtabase (50), which is availablc from http://www.cbs.dtu
.dk/services/GenomeAtlas/. While the availability of an
increasing number of completely sequenced genomes has
significantly facilitated the search for alternative molecular
lnarkers, there are other rvays in which these sequences can
be used to cle.luce phylogenetic relatittnships between taxa.
An overview of these different approaches is given else-
where (24). Below, we focus on one of the most Fr()mising
novel approaches to taxonomy, based on gene content.

When the gene contents of organisms are cttmpared, the
simplest approach is to consider genomes "bags of genes,"
and then to compare the contents of different "bags" (65).

The identification of orthologous genes (orthologs are
homologous sequences in different species that arose from a
comm()n ancestral gene during speciation) is pivotal in this
approach :rnd largely depends on the definition of orthology
(125). Most stu. l ies use a minimal definit ion, terming puta-
tive orthologs as genes that have the highest level of signif'
icant pairwise identity when the genes are compared
between genomes (i.e., they are identified as those homolo-
gous genes that show the largest identity of several possibil-
ities above a certain threshold) (7, 26, 65). From the first
analyses performed on a limited number of genomes, a few
general trends emerged(65,97). It was observed that (i) large
genomes have many genes in common, (ii) the number of
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genes that two genomes have in comrnon dcpencls on rheir
evolut ionary distance, ( i i r)  the fract irrn of sharcd ()rrholo-
gous genes decreases rapidly in e','olution, faster tl-rirn does
the identity between the shared orthologs, and (iv) rhe evo-
lution of g,ene content shows r-ron-tree-iik. aspectr, as phy-
logenetically closely related species do not necess,,rrily sh,,rie
orthologous genes thar either of them shtrres rvith a phvlo-
genetically more distant third species. The ohser."'atiJn rh:rt
large genomes have many genes in common (irrespe.ctir.c of
phylogenetic distance) and thc observarions th. i t  srnl l lcr
genomes (e.g., from str ict ly parasit ic organisms) are douri-
nated by essential genes and shilre a grerlter frnction of their
genomes with other species (7, 129) suggesr thut it is rrscftrl
to normalize or weigh the t lar ir  ( i .e.,  to c()rrecr l i rr . l i f fcr-
ences in genome size) before furthcr analysis. Inrerestingly,
Snel et al.  also observed that trees hased on gcne c()ntcnt ( l()
not correlate well  with phenotype-basecl rrees (97). This
f inding_is_somewhat unexpccted, as i t  has al lvays bccn
assumed that differences in obscrvcd phcnotypcs irre tllc
result ofdifferences in genc contcnt (see, firr cxalnple, refcr-
cnce 64) .

Several slightly different approaches to c()lllparc gene
contents are used as well. Thc presence lr-rci abscr-rc. of frrur-
i l ies of protein-cncocl ing g.n", i r ' t  st ' r l l rrncerl gen()nrcs havc
beerr used t() rec()nstruct the relatioriships betrvcen ir lluul-
hcr , , f  , , rgan is rns  (40 ,  5 t t ) .  In  th i r  l r1 ,p i . , , rch ,  p r . r r . i r r :  ; r rc
grouped_together in farni l ies i f  their pairrvisc sint i l rrr i ty is
greater thirn :r preset virlue , there by elirninating thc rreetl for
the ider-rtiflcation of purative orth()l()gs in eacli genorne rrnrl
the need frrr specif ic al ignmcnts. Tlkaia et al.  consrrucrct l
genolne trees b:rse.l  on wholc-prote()rne colnpurisorrs, using
hierarchical classif icat ion of gcnornes (takir-rg inro ;rccour.rt
gen()me size, levcls of ancestr;r l  gcnc rcrlun.l ;rncy r l tr t  to
clupl icat ions, and net gene gair.r or loss) ( lO5). Prrrrcin f ir l t ls
irrc protein famil ics that shlre the sirme busic urolccul irr
sh:rpe but not necessari ly sequcnce sirni lar i ty. The l ,rcscnce
or absence of these features wus uscd bv Wolf e t li. antl lry
L i n  r r n J  L i e r s t e i n  t o  h u i l . l  , l ( ' n r ) t n r . r r t ' c r  ( / ( ) ,  1 2 4 ) .  P r , , r t , r n
f<rlds arc consit lered by sorne to be idcal charactcri"tr . ,  f i rr
bui lding phylogenetic trees, as thel,  1g111g,r.,r t  funtl :rnrcntrr l
molecular units used by ,,rganirnr..  Ylrng ct ir l .  t i rcrrsr. l  orr
the fold superfamily level (129). The l t lvanrage of rrsing rhc
fold superfamily level instead of thc f.rlcl levcl is thrrt it oflers
a higher lcvel of certainty that thc r.ncmhe rs of eirch gr,rrr1.
snare common ancestry.

In the concept of "extended gel le content" ( introt lrrccrl
by Gu and Zhang [48]),  rhe srarus of a gene fani i ly in rr gir. ,er.r
genome is recorded as absent, prcsent as a single c()py, ()r
present as a duplicate (instcad of nrerely bcir-rg rccirrtle.l
as absent or present). Als,r,  "hyhriJ" n)c:rrrrrcs l trrve bccn
defined, in which both gene contenr ancl sequencc c()nscr-
vation arc expressed. "Gcn,rrne hlrr. t  . l ist lnc. phyl,rgcny,"
an approach proposed by Henz et al. ,  srarts lvi th un al l-
against-al l  pairrvise comparison of gcnornes (52). Subse-
quently a distance matrix is calculated frrxr tl-re resultinr:
high-scoring pairs. Kunin et al.  derivcd :r ncw c()urD\)sitc
measure (cal led "genome conservation") frorn thc sunr , , f
al ignment scores between al l  proteins for every p:r ir  of
organisms (74).

Methods relying on shared gene content for reconsrnrcr-
ing phylogenies have been cri t icizeJ hccrruse of rhc rcnde l lcv
of gene content convergence (due to horizontal g"n. t.rr.,r-
fer and gene loss). Nevertheless, trees basecl on g.iir. .,,,-.r,".,
generally correspond well t.r rrecs b,r"ed on l65 rRNA sene
sequences (alrhough it shttuld be notecl rhirr some cliscrenan-
cies observed in varit'rus studies remiiir-, ,,,t t,a"r"r.,r ur.,a,*-

plained). This rcsult indicates that, despite horizontal gene
transfer, gene duplications, and gene loss, there is a strong
pl'rylogenetic signal in gene content. However, to reduci
the possible impact of these genetic processes on trees based
on gene content, several methods have been developed to
filter out rhe "noise" that is associated with them. The
reader can consulr references 15, 21, and 33 for further
detai ls.

There arc several approaches to transform the fraction of
sharccl gencs (shiired protein families nnd protein folds,
etc.) into a genome distance mirtrix, subsequently construct
a  l r ( r . ( ) r : t  nc tw( ) rk  f r . rm these mat r ices ,  and per fo rm s ta t i s -
t icrr l  tests (74, 48, 63, 71, 93, 112). !7hi le a ditai led discus-
sion of these rnethocls is outside the scope of the texr, i t  is
w()rth lnenti()ning that several studies indicate that ML and
Ml irpproaches outperfcrrrn distance methods for construct-
ing trecs based or.r gene c()nrenr data (63, 132).

Comparative Microbial Genomics
with DNA Microarrays
l)iffererrccs and/or similurities between microorsanisms can
also bc srudicd by using L)NA microarrays. These methods
have rhc a. l 'u. irnr:rge of n()r rcquir ing rhe avai labi l i ry of a
whole-gcnoure scquence of al l  organisms being studied.
I-lybritlizirtion of DNA to whole-genome microarrays has
been userl r() srudy the genetic diversity of a wide range of
hactcria (sce rcfercnces 39 and 1J0 for recent reviews). The
tnicrourriry fechnokrgy has also been used for a number of
s1'rcciirlizer,l ilpplications in raxonorny ancl identification.
Clho and Ticdje pro;rose.l :r new lpp162ch to identify bacte-
r ia b:rst-t l  ()n ! lcn()nric DNA-L)NA similzrr i ty by employing
rnicr()arr lry technology ( i8). This merhod (so far evaluatecl
only rvith firur 1).sculomona.s species) cloes not require labori-
ous cross-hybrit l izat ions, and the result ing hybridization
profilcs crn bc usecl in statisticirl procedures to identify test
strains irnt l  cirn he storcd in a datubusc.

Microarrlys for the itlcntificari()n of specific bacteria were
luls,r rhvcloperl. An overvierv is presented in reference 24.

N4icrourrays have irlso heen developeci to study specific
bactcri ;r l  pop11[1111,rnr nnd consort ia, inclucl ing sulfate-
rcducing bucteria (81 ),  t t , luene- rrn,1 ethylhenzene-degrad-
i t rg  cor rsor t i : r  (71) ,  and merhan( ) r rophs  (12 ,  l0 l ) .
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Bioreporters, Biosensors, and Microprobes
ROBERT S. BURLAGE

,14

The study of microbial communities is dependent on the
ability to discern individual bacterial species and rnicnrbiirl
activities in a complex nratrix. Surall variations in ctrt't-
stituents can determine whetl-rer tr microorganism tutttpics lt
specific niche or whether a specific gene is active. Thercfcrrc,
the tools that i-rre used to study microbial environments
must be very sensitive and the scale on which they measrrre
might be very small indeed, perhaps the area surnrunclitrg a
single micrrxrrganism. For this purpose a variety of analyticirl
devices have been produced; they can be conveniently orga-
nized into biorcporters, microprobes, and biosensors. All of
these tcchnologies have been used in other areas of biology,
notably in cell biology, but this chapter concentratcs on their
uses and potential uscs for environmental microbiology. Thc
danger in doing this is that a promising tcchnology may be
omitted because it is not currently uscd for environrnenttrl
microbiology, which is certainly likely in such ir first-m,'ving
field. However, there is also nn opportunity to creilte new
tools that are relevant to specific problems in cnvirontnental
microbiology.

This chapter stresses techniqucs that are significantly dif-
ferent from other molecular techniques in that they are suit-
able for complex environments inhabited by a diverse collec-
tion of bacteria. Other molecular assays are valuable f<rr
pure-culture work, and they certainly have great utility in
environmental microbiology, but environmental rnicrobiolo-
gists need assays that havc other attributes. The assays should
be nondestructive of sample material. Heterogeneity of envi-
ronmental samples may be very significant, and thereftrre
assays that examine the same sample are very valuable. The
assays should be real-time procedures, since conditit)ns can
change quickly within mixed communities. In addition, the
assays should be able to report conditions continuously rather
than at selected assay times. Fluctuations within cornplex
communities may be very slight yet may still be significant in
understanding the ecology of the system.

Biosensors of environmental conditions and bioreporter
genes of genetic activity have been developed to augment
our ability to detect, identify, and quantify microorganisms
in complex ecological settings and to analyze their micro-
niches. Biosensors are devices that fuse two technoiogies,
electronic and biological, into a unique analytical tool.
Bioreporters are genes that produce a product that is easily
assayed and that relates to the genetic activity c,f the host
cell. These techniques are likely to become more generally

applieil as the technology matures and as commercial
opportunitics arise. Thc fielcl has now grown so large that a
cornprehensivc cxirmination of thc tcchniques is not possi-
ble here . Refercnce is rnade to rclevant review articles for
readcrs sceking a rnore colnprehensive understanding ofthe
technology.

BIOREPORTER TECH NOTOGY
The analysis of genetic expression is made more difficult by
the lack of suitable assays for m()st gene products. Bio-
rcporter genes play a surrogilte role, supplying zrn asstryable
gene product when an :rssay for the gene product of interest
is not available or very clifficult to perform. Bioreporter
gencs have been used extensively with pure cultures to
demonstrate the expression of specific genes. However,
many of the most useful bioreporter genes, such as lacZ
(encoding the B-galactosidase enzyme) and xllE (encoding

catechol 2,3-oxygenase), arc usuir l ly unsuitable for ecologi-
cal studies. While any single bioreporter gene might not be
present in a particular species, the presence of the gene in
other members of a community is not unl ikely, potential ly
creating a significant hackground problem. This can be true
in a monoculture irs well, such as when a LrcZ biclrep.rrter is
used with a Lrt strain. To circumvent this problem,
researchers have rrsed bioreporter genes with no homologs
in the host strain, such as the chitobiase gene (38). This
gene, derived from a deep-seaVibrio hcrveyi strain, catalyzes
a rcacti()n that gives ir colorimetric response on agar plates
irnd therefore can bc'easily detected. Background ls essen-
tially absent in Escherichia coli, although the use of this gene
in other species has been lirnited so far. Another interesting
example is the ice nucleation gene, inaZ. This gene was lso-
lated from the plant pathogen Pseudomorus s)ringde and
allows ice droplet formation at higher temperatures. It is
assayed by determining the temperature at which a droplet
containing the strain freezes. If it freezes at a higher tempera-
ture, then the gene product is present and gene expression
has occurred. This gene has been used in several expcriments,
often in concert with other bioreporters (l, 5, 48, 49).

Another drawback of conventional bioreporters is that
performing a biochemical assay often requires the destruc-
tion of a sample of the community. Nondestructive assays
allow repeated experiments to be performed on the same
sample, so that changes (development) of a microbial com-
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munity can be observed. Biochemiciil assavs for conven-
rional bioreporters require t ime ftrr )amnling, prrrqL,r.1.*,
and signal development, and these steps introduce a signifi-
cant time delay between the microbial event and the analy-
sis of the data. There is a clistinct irclvantage in huving an
assay that gives real-time results.

While there are several bioreporter genes rhar nrigl.rt be
used, bioreporters that make use of light frrr bioreporturg
have significant irclv:rntages. The use rf either biolJmines-
cent or f luoresccnt hiorcporters is nou'an establ ishctl  tech-
nology, and the uses have cxpanded greatly r)\'er the vcars.
They both represent nonrlestruct ive, noninvlrsivc nlc:rns (rf
de tect ing gene e xpression. Light can be mcasured u' i t l -r  gre:rt
sen_sit ivi ty ancl precision, al lowing the cletection of u single
cel l  under some concl i t ions ancl with appropriate l ight-gatl-r-
ering equipment (76). Bi()rcp()rters fcrr biolurninescerrr und
fluorescent gene proclucts are descrihed bckrn'.

Bioluminescence
Rioluminescence is the protl trct ion of visihlc l ight l .y ir  l . io-
chemical process. Unlike rnost chemicir l  reaci ior.rs, rvhir:h
produce heat as thc mir in by-protluct, thcse reactions :r lstr
gencrate enough light to he tletcctcrl by conventior-ral plro-
todetcctors. This phenomcnon is casi ly obscrvecl in f l rcf l ies
(Photinus p)rdlii), altl-rough many orher species lre c:rl.ublt
of producing l ight. Thc gencs frrr thcse l ight-prot l i rcing
reactions havc heen isolated l'ry rcsearcfrcrs, an.l they lrre n()w
available on cloning vect()rs. Whcn geneticllly firseil (using
either a trilnscriptional or protein fusion) to upprtprirrtu gcncs
frorn a l'rost bactcrium, thcse strains 1.r.r.luic iigfrr trnJer
defined conclititxrs. Tlie cloned tirefly lucitcrase gcr-rc (hrr ) hirs
been used to observe gcnc exprcssion in unirnals (68), pl:rnts
92,59), ancl brrctcria (60). Fireflv lucilerase is a no',vcrfirl rtxrl
fcrr genetic anir lysis, althotrgh ir  is . l i f f iculr r ,r  r1.1. 11-'  nricrobi l l
ecokrgy experirncnts since the rcirction rerluires thc sr.rltstnrtc
lucifcrin, wl'rich must be rr.l.l.,l .*,,g..,,r,r1v. Often tiresc
assays utilize extnlcts front sirml-rles, riltirer than u'h,rlc cells,
and thereforc destnrctive srrmirling is requirecl.

Sevenrl genera and sfecics of bioluminesccl)t  b: lcreria
arc known, although V htrrleli and V fi.schcri hu,,'c rece ivetl
the most ir t te nt ion. Thrse bircte r i :r  contir in hx gencs, ,uvhich
urc  resp , , r rs ih le  f , r r  h i , , l r r r r r ine : ( ( .nce .  T l rc  lu r '  { ) l \ ( . r \ r t )  i \  ; l
complex pathway of flve gcnc., lu.ttll)AiJE, .n.l 

"fti.i.,,.,texpression of al l  of these gencs in the l l rst is rcr luiret l  f i rr
appropri:r te functioning of the biorcporter. Only tw() gcnes,
luxA and luxB, encoding tl-re hcterotlimcric lucifems.
enzyme, are neecled f<rr the actuul bioltrnincscer-rt  rurct i()n.
The luxCDE genes have hee n irnplicated in thc recyclir-rg of
the recluirec' l  aldehyde substrate , so that lr  pool of substrate is
continuously avai lahle (Fig. 1). Thc lur gencs, c()rnl)nsrns
about 7 kbp of l)NA, havc beer-r clonerl an.l sc.r,.,.,rce.l an.l
are avit i lable for antr lysi '  r , t  rnicrolr irr l  consort irr .  Scvcral

excellent reviews describe the genetics and physiology of
bacterial bioluminescence (46, 47) and the use of these
fus ions  (  11) .

Advantages and Disadvantages
The ad'r'antages of bioluminescent bioreporters lie primarily
in the relative ease of light measuremenr. Light can be mea-
sured accurately and with great sensitivity. Since light radi-
atcs in all clirections from a point source, light detection can
he perfcrrmecl in three dimensions, giving a more sophisti-
cated an:rlysis of an ohject's position in space. It can be mea-
sured quickly (ir-r reirl time) and without perturbing or
clcstroying the sarnplc. For insrance, the lighr detector can
be introduccrl into thc sample and left there for an ex-
ter-rclcd period, or it can Jcrect light rhat passes thror-rgh the
glass wall  of a bioreactor vessel. Bacrerial interactions can
thtrs be examinecl in rcal time, for example, to study predator-
prcy ()r symbiotic re lationships. There is usually no need ro
add arry substrates ()r re agents for the bioluminescence assay
(although the rcqtriremenr for an aldehyde substrirte is dis-
ctrssctl be low). ln most consortia of interest to envrronmen-
tal microbiologists, biolurninescence is zr rzrre trait, and
thcrcf irre a hackgrotrn,, l  problem is unl ikely as long as ambi-
ent l ight cirn bc exclude.l  from the reirct ion vessel.

The lur gencs are especial ly useful i f  a qual i tat ive analy-
sis is sufl lcicnt, i .e.,  detcrrnining whether l ight is being pro-
clucctl  :r t  :r  given t imc. For these experiments, l ight output
cirn be exprcssecl as re larive l ight units. Relat ive l ight units
arc ircccptirble wiren all rvork is pcrformed with the same
ligl i t-rneasuring apparatus, uncler identical condit ions (dis-
tance frotn tletcctor, telnpcmture, composition of the vessel
hoLl ing the saniple), and where no comparisons are drawn
t() ()ther publ ishe.l  resulrs. I f  quanti f ici i t ion is desired, pho-
torlcrcctors cirn bc cl l ibratcd (see below).

The :rdvantirges tlcscribed above must be weighed against
sevcral tlisldvilntages that are inherent to the biolumlnescent
bi.rrcl.orters. The biolurnincscent rcilctir)n requircs molecular
()xygcn, rvithout which the bioreporter is inoperative. C)xygen
limit:rtion rcsrrlts in a klver intensity of light generated, per-
haps to l l*.el that woul.l escape detection. The physiologi-
crr l  state of thc cel l  cirn thus have a major impact on the
strength of the biolurninescent signal: cel ls respir ing at a
high rate wil l  qtr ickly cxhaust their avai lable oxygen and
leavr lr t t le lor t l -rc bioluminescence rcaction. This is easi ly
seen by swir l ing a rapicl ly growing culrure zrnd watching the
l ight intensity incre:rse as the culture medium becomes aer-
atecl.  In aJdit iol),  i f the host strain does not have a suitable
illclefryrle suhstrate fcrr rhe biolurninescent reaction, an alde-
hytle mrrst he atldcd exogenously. Few strains make suffi,
cient alt lehytlc for prokrngcd l ight proJuction, and strains
utilizing lurAi3 vectors mtrst always have an aldehyde sup-
plernent in the rnedium. The substrate, usually n-decanal at
a f inal concentrat ion of 0.1 to 1.0o/o (vol/vol),  penetrates
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the cells readily, aithough it can be roxic ar rclatively low
doses. Finally, the luciferase enzyme o{ V. fischeri rs heat
labile and is not recommended f<rr use above 30'C.
However, the luciferase from V. hcvueyi is stable at 37'C. An
excellent discussion of the weaknesses of bacterial biore-
porters and the means by which thesc techniques rnay be
improved is avai lable (83).

Appl icat ions
Many genetic constructions involving the lur genes have
been prepared, most of which utilize the genes frorn a Vilrno
species. Some are now availirhle commerciirlly. The intact
Iu{)DABE cassette is available on a plasmid ckrning vecror,
pUCD615, so that expression of biolurninescence can be
placed under the control of a host promorer (70). Use of the
full cassette ensures that the aldchyde subsrrarc will be
regenerated for continuous av:rilability, althotrgh rl're host
cell must have a suitable long-chain aldehyde (c.g., clecanal)
present as substrate firr the luciferasc reaction. The presencc
of such an aldehyde can bc determined only empir ical ly,
and fluctuations of the altlehyde c()ncenrrarion are alwirys
possible. I fsuch f luctuations are suspected, n-decanal can he
added at the concentrations listecl above to ensure irn ade-
quate supply.

The inclusion of the full cassctte (i.e., the luxA ancl lurll
luciferase and the luxCDE genes) obviates thc need for
exogenously added aldehydc, rr lc;rsr in srr:r in* rhat have a
suitable aldehyde substrate to srarr with. Thc lucifernse
enzyme uses molecular oxygcn to convert the aldeliycle sub-
strate to a carboxyl ic acid, wit l-r  the result ing l ight be ing a
by-product of the reaction. The acrion of the lux(ll)E
genes is to recycle the carboxyl ic acid product of the l ighr-
producing reaction, giving a conrinu()us supply of aldchytle.
I t  has been obscrved that, at peak l ight emissions, the l ight
intensity of such a strain cirn be brxrsted hy thr addition of
aldehyde, although not grearly. This suggests rhat there is
always an aldehyde limitation in the cell.

Alternatively, a construcrion utilizing only the llrA ar.rcl
lzxB genes can be used if the aldehyde subsrrirre is addecl
exogenously. The laxA and IuxB genes havc been fused into
a single open reading frame by Escher et al.  (26), although
the resulting IuxAB fusion luciferase is rnore remperature
sensitive than thc native enzyme. Tiansposons carrying thc:
lux genes are also available, such as the Tn44Jl triinsp()son
(75). This construct carrics the intirct IuTCDABE cassctte and
a gene for antibiotic selection of rrirnsposon insertion. This
construct is a valuable means of generating tlarlsl)oson
mutants quickly. The luxAB genes are available on a Tn5
derivative (9) and on a mini-Tn5 derivative (23). There have
been many applications of this technology in a virriery of birc-
terial species. A Salrnonella strain was used fcrr genortrxiciry
assays (80) with the inducible umil gene promorer. A lambda
phage was genetically engineered ro carry the biolumines-
cence genes into E. coli cells in environmentirl serrings,
increasing the detection limits for this importanr parhogen
(67). Hassler and Twiss (31) modified a Synechococcns srrain
to serve as a bioluminescent reporter of iron availability,
another important environmental factor. The yeast Snc-
chmomyces cerevisine has been modified with lux genes ro cre-
ate a novel bioreporter of estrogenic compoun.ls-(71). Novel
applications extend the trend of miniaturization of technol-
ogy, which is also evident in the biosensors. Nivens et al. (56)
combined bioreporter bacteria with a miniaturized optics
detection device to make an autonomous detector. This is an
important development since the environmental applications
of bioreporters are dependent on inexpensive, independently

. l  
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rnonitored systems. There is little commercial appeal for a sys-
tem that requires a visit from a human oper:rtor for every d:rta
point. Coupling this technology with a communicarions capa-
bility and the appropriate data storage and retrieval system
would make it applicable to many field environments.

L igh t  Measurement

Unlike many assays, in which a standarc'l procedure is used
to describe the results, light can be measured by a variety of
rneans. Visualization of bacterial colonies rnay be sufficient
for screening ofclones during gcncric consrnrcrion, although
the observer must be in a darkened nrom, and this method
is not at all quantitative. Phorogrnphic film can be exposed
ro the lighr being emittecl from colonies, although this tech-
nique is usually cumbersome. Several types of electronic
cquipment irre suitablc firr the meilsuremenr of light. ATP
ph()tometers or luminomctcrs, u'hich :rre used fcrr rnea-
surement of ATP concentrations by the luciferase itssay, are
cornrnon in laboratories. Liquid scint i l lat ion counters are
nlso common. A l iquit l  scini j l lar ion c()unrer must be very
sensitive ir-r order to cletect photons rcsulting from radioac-
tivc dccay, irnd so these counters rnake good photodetectors
for biolumincscence, although the coincidence channel
should be disconnccted prior to use. Thc coinciclence chan-
nel el irninates background during i ts mcasure rnent of radia-
t ion, but i t  is ir  hindrancc for bioluminescence work since
l ight crnanating from a single cel l  mighr not be detected by
both photodetectors simultaneously. These methods are
sensitivc but are not ciesigned specifically frrr biolurnines-
cence work. Accordingly, there are problerns in introducing
reprcscntative samples to thc photodetectors as wcl l  as in
determirr ing incubation condit ions for the sirrnples. That is,
the sarnplcs would have to fit inside orclinary scintillation
vinls, which might not provide adequate aerati()n or rnrxrn!a.

Con.rmerci:r l  photoniult ipl iers (e.g., those from Oriel,
Stratford, Conn.) are recornmcndcd for relnote sarnpling of
light, incluclir-rg biore:rctors and soil rnicrocosrns. These usu-
ally include flexible fiber-optic cables, which have a high
efficiency of light tmnsmittance, :rn important feature in
measuring low levels of light. For extremely low levels of
l ight, such as would be expected frorn single bacterial cel ls,
charge-c-ouptcd clevices ((l(ll)) cirn bc uscd (c.g., those from
Harnnmatsu, Hamamtrrsu City, Japan). The added sensit iv-
ity is reflectetl in the increased cost of this equipment, and
few Llboratories hrrve rlccess to one. A (lCD cnn be used,
however, to visualize signals that irre seen thrclugh a micro-
scogre, irnd thus it has the potential to describc thc physio-
logical response ofsingle cel ls, although integrarion ofweak
signals can c'lelay output firr several minutes. Accordingly,
samples that move or drift during the integration time give
a blurred imagc, i f  the irnage is detected at al l .

The lack of standardization is a major shortcoming of bio-
lurnincscent reporter work, and its greatest irnpact is on the
quantification of results. The output of a biolumrnescent
strain must be expressed in terms of specific acrivity to allow
cornpirrisons between laboratories. Units of light production
would ideally be expressed as phorurs (quanta) of light per
minute per milligram of total protein. Howevcr, each pho-
todetector system has a different efficiency of light detection
(for instance, different scnsitivities for different wavelengths),
as well as a different detector window geometry. A method to
standardize photodetectors using a light-producing biochemi-
cal reaction has been described (58), and rhis method should
be applied more generally. Calibration of a photodetector
using a standard light source is possible, although the equip-
ment is expensive and not generally available in laborarories.
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Fluorescence
There are now several fluorescent oroteins that can be used
as bioreporters in bacterial cel[s, hirt  the f irst successful one
was green fluorcscent protein-(GFP). GFP addresses rniuy
of the disadvantages of tire bioluminescent bioreporters,
including the fol lorving: ( i)  the bioluminescence reirct i()n
rcquires oxygen ancl is trnreliable uncler conditions c,f
rcduce,j oxygen tension (rlthough LIFP cloes require srnall
amoullts of oxygen for propcr chromophore forn-ration); (ii)
biolutninesccnce requires f irnct ioning of the luciferirse
enzyme, rvhich rerNires correct slrnthcsis and folding of the
protcin; ( i i i )  thc lrrci ferrrsc ulr:) 'mc rerlLrirc\ rr suhsrratc,
which might not he avai lahle in thc ccl l ;  i rncl ( ir ,)  t l ' re
lLrciferasc from \l /rscherl is helt labilc an.l is useless ur
J7'(1. Increasccl stahi l i tv at high temperaturcs would be irn
assct for al l  luci ler:rses. CIFP has the aclvantnge that i t  is
rncasrrred on the blsis oi i ts intr insic nr()Drrt ies lrncl not on
thc  bas is  o f  i t s  l . io log ic : r l  : rc t i v i t y  rn  r r  cer t : r in  rn i l i c r r .
()eneral ly speaking, the neu'er vcrsions of GFP an.l  thc
new f luorcsccnt pr()teins al l  have these attr ibutes, :rncl
rcsearchers typical ly ch,,, ,sc a f l turrescent protcin bascd on
its f luorcscence chlr l lcte r ist ics (cxcit ir t ion and ernlssl()n
wave le  ng ths) .

The origir-url (lFP r.vas a huge asser to the biological sci-
ences, n()t only firr microbiology but especially frrr ccll biology.
Thc lhi l i ty to t l iscern Hene cxprcssron in a three-cl imensional
systenr, witl'r great specificrtl', has bccn ir btxxr f<rr .le','e l<4,-
rnenl i l  biology (82). The sucrcress of ( lFP inspireJ rr search
for othcr 1]u()rcsc.cnt pr()teins, i ln( l  now thcrc are sevcral
courmerci:r l ly uvir i l : rblc fr()tcins (Trble 1). Typical ly thesc
protlrrcts incltr t le the purif icd pr()tci l t ,  cxpression vectors for
sevcrir l  systenrs (plrrrrt ,  lniur:r l ,  rn. l  bacterial),  and pcrhirps
2rntibodies t l l r t  i rrr specif ic for thc t luorescent protein. Thc
original OFI' ,  oftcn rcfcrrct l  to as i iv( lFP (frrr i ts rrr igirr i rr
AetluLteu licarria), n)ust n()\\' c()mpctc r.vith a vuriety of
other flrrorescent procltrcts thut ha.,'c bccn is<tl:rtecl frorn
nlany s()r lrccs) part icul lrr ly t leep-sea conrls. Fluorescent c() l-
()rs ure usurrl ly blrrc, grccn, yel lorv, :urcl ret l ,  ani l  . l i t icrcnt
mirnufircturers torrt  thc cxcit l t ion lrnt l  emission snectr:r of
the ir  prot lucts, pirrt icul irr ly irr  rcgarrl  to their i rhi l i ry t , ,  h.

TABLE I Comtncrcial ly avui l i rble f luorcscent pr()te nrs

used in tandem. Besides fluorescent characteristics, other
attributes are desirable. The DsRed gene, from the deep-sea
coral Discosoma, was originally thought to have great poten-
tial as a fluorescent marker comparable to GFB but in n-rost
biological systems the protein foldcd so slowly that it had
little practical value. Recent work with mutations of DsRed
have yielded variants that are mlrch improved, with a fold-
ing time reduced to less than I h (7), which is ir fraction of
the  t i rne  fo r  the  w i lJ - ty | r  p r ( , rc in .

The GFP gene has been cloned and secltrenced, and the
protein has heen extensively charactcrized (61, 6l).  The
proteir-r that is synthesize.l from the GFP gene autocyclizes
(16), proclucing a chromoph()re that is brightly f luorescent
(Fig. 2). Whcn thc GFP gene is expressed in a cel l  (either
prokaryotic or eukaryotic), it fluorcsces a bright green irfter
cycl izat ion of t l ' re chrornophore (11). The f luorescence
makcs tht:  cel l  easy to detect with UV l ight (excitat ion, 395
nrn) and c()nvcntiol)al light-girtl-rering equipment.

Advantages and Disadvantages

As with thc measurcment of biolurninescence, fluorcsccnce
can he nreirsuretl  accrrrately ancl with great sensir ivi ty.
l)ctcct ion is depentlent ()n the ahi l i ty of the researcher to
exp()sc rhc C)FP molectr le to the excitat ion wavelength, trnd
this cln bc pcrfirrrncrl u'itir flexible fiber-optic cables intro-
t luce.l  into :r rnicrobial ecosystem. Measurement is rapid,
antl there is no need to acld any substrates or reirgents. The
proble ms of surnplc perturbati()n ancl tlestnrctit)n are there-
fore :rvoitletl.

Fluorescerrce of ( lFP is very bright, and incl iviclual bacte-
r ial ce l ls can eusi ly be seen by cpif l turrescence microscopy.
OFP lppeirrs to he very slorv in frrrming thc chromophore
(typical ly taking scvcral hours), and the speed at which i t
forms seems t() \'irry with different orgirnisms and clifferer-rt
gr()wth conclitions, altfrough ir c-.ornprchensive analysis of
thrs phenomer-ron is l :rcking. The protcin is extrernely stable
an.l is largely unaffected by trentment u'ith cletergents, pro-
tci lscs, ghlt i l r i r l t lehydc, or organic solvents. I t  is also very
stirhlc over a pH rar-rgc of 6 to i2 antl  :r t  high (65'C) tem-
peraturt:s. ()FP may be useful in genetic antrlysis of ther-
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FIGURE 2 The chromophore of Aequorea GFP Arnino acids 65,
66, and 67 of GFP forrn a cyclical structure by an autoc:rt:rlyiic
reaction. This chromophore is the source of the bright fluorescence
seen with this protcin. The dotted lines delineate the sepurirte
amino acids in the chrorrxrphorc.

mophiles and other extremophiles. C)ncc thc protein is
made, it does not degrade quickly irr the cell, and thercfcrre
assays ofthe dynarnics ofgene expression, such as have bccn
performed with the lux genes, are not possible with wild-
type GFP. Andersen et al.  (3) were able to attach:r peptidc
tag to the carboxy tcrminus of GFP. This extrir peptidc
made the mutant GFP susceptible to bacterial l-ror.rsekeeping
proteases that recognize the carboxy encls of proteins, which
resulted in a GFP with a reduced half-life, in this case rang-
ing from 40 min to scvcral hours, depending on the strain
and the gr()wth condit ions. Because of this developnrcnt, i t
is possible to use the bright fluorescence of CIFP as an
unparalleled bioreporter of real-time gene expressitrn. Mirny
other mutations have been introduced into GFP, producing
useful variants. While wild-tvoe GFP tends to forrn inclu-
sion bodies, which l imit the am.runr ()f  f lu()resccnce secn,
GFP mutants have been developed that avoid tfris problern
and which result in greatly ampli f ied f luorescence (17).

Formation of the GFP chromophore requircs molecular
oxygen, although not in great amounts, irnd thcrcfore is
unsuitable for use under comoletelv anirerobic con.litions.
Hansen et al.  (30) demonstrated that GFP c,-rul. l  he f.rrmed
and detectcd in biofilms when dissolvecl oxygen was fresenr
at 0.1 ppm. C)nly the most oxygen-intolerant miclrorgan-
isrns would be unable to live under these conditions. No flu-
orescence is seen when cells are grown in irn irnirerobic
environment, although once the chromophore is fonned it
continues to fluoresce in an anaerobic environment. The
presence ofGFP in bacteria does not appear to have delete-
rious effects on the host, although a comprehensive analysis
has not been performed. Interestingly, individual molecules
of GFP do not remain fluorescent at all times, but instead
appear to "blink"; that is, they stop fluorescing for a few sec-
onds and then start again (24). In any aggregate this is
undetectable since the vast maioritv of molecules are fluo-

l,"jil,ill"i, 
it does suggest other poisible uses for GFP c,n a

Appl icat ions
Use of GFP is still a relatively new technique, and the con-
struction of convenient cloning vectors is conrinrring.
However, the number of applications of GFP is impressive,
guaranteeing that more vectors will soon become available.
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These vectors typically contain the GFP gene within a
polylinker region, allowing convenient manipulation of the
gene for transcriptional fusions. The intact GFP gene has
been inserted into a derivative of Tn5, and therefore ran-
dom mutations with GFP are possible (12). This transpo-
son, Tn5GFP.l , can be introduced into a virriety of gram-
negat ivr species hy electroporat i .rn.

Mutations have been introduced into the GFP eene to
produce fluorescent signals with altered properties. The red-
shifted GFP rvas isolated in this rnanner (77). The name
refers to the shift of the excitation wirvelencth toward the
red end of the spectrum. The protein fluoresces at approxi-
mately the same wavelength (the rnaximum is at 505 nm
instcad of 510 nm) but excites at 490-nm instead of 395 nm.
This shift is expected to be helpful, since thc 490-nm exci-
tirtion wavelength is beyond the wavelcngths of excitation
for cellular-protein fluoresce nce (due to the ir aromatlc
irrnino acids). A mutant GFP devekrped by Heim et al.  (32)
results in the production of a blue color instead of a green
color. Mult iple site mutations introduced by Anderson et al.
(4) had the effect of increasing the brightness of the fluores-
cence. These mutants also had an altered excitation profile,
al lowing both mutant genes to be used in the same cel l .
Although they u'ere init ial ly tcsted only in eukaryotic cel ls,
it is rer,rsonable to expect that they will work in prokaryotes
as well .  Novel uses have been described for the detection of
nitrates in soi l  systems (19) and f irr  arsenic detection (85).
ln a clever ad:rptirtion of the technology, this lirtter group
was ablc to detect single bioreporter cells as they responded
to arsenic rn ir  watcr samplc, demonstrat ing the strength of
the GFP f luorescence .

F l  uorescence Measurement

Bacterial cokrnies exprcssing CIFP can be easily detected on
exposrrre to ir  UV l ight. This is easi ly accomplished with the
UV source that is usecl in most molecular biology laborato-
ries t<'r visualize DNA in :rgarose gels, rrlthough an inexpen-
sive hirnd-held UV light works just as weli. Fluorescent bac-
tcria can also be easily sren using cpifluorescencc microsctrpy.
An appropriatc filter set should be used; the filter for fluc'r-
rescein detection has provecl to be very useful for this pur-
pose. A xenon ()r mercury lamp c:ln be trsed as a source of
UV excitat ion. For discrimination of their mutant GFPs in
a fluorescence-activated cell sorter, Anc'lerson et al. (4) used
ir krypton ion laser for one variirnt and an irrgon ion laser fcrr
the other. Since both proteins produced the same emission
wavelength, the same filter ancl dctector could be used.

Fluorescencc spectrometry facilitates the detection of
GFP fluorescence. Fluorescence spectrometers vary in sensi-
tivity and versatility, :rlthough in general they should be
able to detect GFP expression in bacteria. Quantification of
bacteria in the sample is possible wl'ren a standard is exam-
inecl contemporaneously. Digital imaging spectroscopy (28,
89) is an excellent means of detecting and characterizing
fluorescent signals, althougl'r the expense of the system
makes it unavailable to all but a few researchers.

MICROPROBES AND BIOSENSORS

Microprobes
A microprobe is a device that measures a specific physical or
chemical property in a microenvironment. For instance,
microprobes can be devised to test for pH, temperature, or
the concentration of ionic species (72). The quality that
makes these probes different from other probes is their small
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size, which makes them more suitable for analysis.at submil-

limeter resolution. The development of microprobes ftrr the

examination of microbial environments has proceedecl

raoidlv thanks to innovative constructitrn techniques' Mi-

croorobes have been described for ammonium (20), nitrate

Q6,79),oxygen (65), denitr i f icat ion (by nitrous oxidc pro-

in. i io.r) (15), and sulfate reductron (64). Conventicnal

technology is used to measure the analyte; the criticrrl

developmint is the miniaturization of tl're electrode' Thc

p.obe iip can be in the range of I to 101,m in diameter,

"lth""gh 
10 to 50 pm is more cornmon. The signal is ustr-

allv reoorted as a current on iln ammeter. Dclicate c()nstrtlc-

tion oi the probe is recluirecl, as is the rnanipulation of tl'rc

orobe in three dimensions with a micromanipulator antl tlis-

iect ing microscope. Microprobes are.especial ly t tseful t tr

study ih" microecology,rf biofilms, including ftrrmation rtntl

i rct ivi ty at various depths inside thc biof i lm. An exr:cl lent

review is available (66). The main ohstircle to tl're gcneral

use of microprobes is that there are a l imited ntrmber t t f

commercially available microprobes (wi1h a few notable

exceotions, 'such as Microelectrodcs [Bedftrrd, N'H'] '

Unisense [Aarhus, Denmark), Ahtcch [Richrnond, Vr'1,

and Microprobe [Gaithersburg, Md.]), rntl the microprobc

ofte., m.,.it. handmade by thc resetrrc,her. Teclrni'-1tres fi'r

construction are available, although they require skill irrrJ

Datience. As the usefulness of tnicropr<lhes hecotnes bttter

i#;TJ:.d, 
the numbcr of manufacturcrs will ccrtrriull'

FIGURE 4 Biosensors. (l-eft) A generalized scheme fcrr:r hiosen-

sor. lntcraction of thc lrrget analyte u'ith the biological c()mpo-

nent rcsults iu a si$ral, which is tr:rnsmitted to the transtluccr' The

tmnsclrtcer senscs the signal antl c()nvcrts it to atl electrical signal'

(Right) A l)NA bioscnsor. Thc hybridiz:rtion event brings the

l:rheleil t)NA in contuct with thc trallsduccr, a CCID camera' The
(iCll) cirnrera dctccts betil cntissitln frt,m llP decay ar-rd c()nt'erts it

to at-r elcctricirl signal.

The oxygcn rnicroprobe clescrilred by Revshech (65) pro-

vi,les a g,xiJ exatnplc-of the current microprobe te'chnology'

This n'ric-r,,pr<the lias a rip that is apl.rroximately l0 prn.in

iliamcter ar-r,,I is sensitivc t() oxygcll conccntrzlti()ns in the

micnrrrolar rangc. It itlcorporiites a guartl cathode th:rt re-

nx)\'es ()xygcn .iiffttsing toward the sensor tip frorn the elec-

tr.,lyt. ,,.lliiii.:tn, pcnniiting stable signal acquisition frorn the

s:rmplc. This rnicic4rrohe issuitable ftrr examinatictn of biofilm

".ul,lgy 
()r a(3latic microhiology, with the abiiity to tliscem

nri..,,bi,,l or..r.".r., at tl're wiitcr intet{zrce. Although it is

cxtrat,rJinirily srnall ftrr irn rrnrrlyticrrI instrumcr]t, its presence

is likely to disttrrb or inflttencc the surrounding etlvironment,

however slightly. The prtrdent researcher will bc irttentive ttr

r.ossible .lf".t, ir,,,',, the use of tl'rese ttxrls. Figure 3 shows :l

cross-section of a typical tnicroprobe.

Biosensors
A bioscnsor is 1r type of probe in which a hiological compo-

ncnt, strch rs irn cnzvtne, antibody, or nucleic acid, interacts

rvith ln :rnalyte, which is then detectetl by- an electronic

c()rnn()nent an.l translate.l into a tneasurable (electronic)

srgr ' ,r l  (Fig. 4). Biosensor prohcs rtrc possible hecause of a

f,ii..,t-,,rf 
'tr"..l 

tcchnologieJ: micr()clcctronics at'rd biotech-

nology. Thcir greatest impact is in the clinical lre;-t, in

whicli raDi.l t"ri ,.r.',It, ,rre needed (U6). However, they are

also ar,pficable to cnvironncntal irnalysis, antl in recent

v",,.. i.'u.r"l strbstantiirl improvements have alltrrved them

t., h. , . ,sed more general ly. A revicrv of the application of

hi,rseusors ftrr environmental study is avai lable (69)'  There

arc several components to a biosensor. Different researchers

may contrrbute to t l ' re ls1'g[opmcut or optimi:tr t ion of a

n,,rt t .  u1,,,  l ) l l r t  I  rr  tn:ty incorporatc scveral Ji f fercnr tech-

n,,[ , ,gic" lnt() ()ne tt , t , l .  Fi lr  cclnvenience, these components

.,,,r h" ,,r,t',,nuri:ecl as follows: the biological colnponent (or

biomolecule), the ir t tachment method, the microf luidics,

the conputational component, and the electronic (sensing)

.urno,rr-t"rlt, rvhich is :rlso called the transducer (27)

The biological component is the mtllecule that iuteracts

with the ut'r"iyt" c,f interest. A variety of-substances can be

used irs the hrological component' including nucleic acids,

target
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FIGURE 3 Cross-section of a typical rnicroprobe. Reprinted

from reference 55 with permission frorn the publisher.
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proteins (particularly antibodies and enzymes), lectins
(plant proteins that bind sugar moiet ies), and cornplex ma-
teriaLs (organelles, tissue slices, and microorganisn'rs). In
each case, it is the specificity of the biological componenr
for an analyte (or group of related analytes) that makes tl're
biomolecule attractive for use in sensing tec-.hnology. For
example, a single strand of DNA hybridizes only to its ctrrn-
plementary strand under the appropriate conditior-rs. The
conditions of the assay are very important, especially rvhere
reversibility of binding is a key factor. This is app:rrenr in
antibody-based biosensors, in which the affinity of the anti-
body for the antigen affects the sensitivity of the biosensor.
This is particularly true for the measurement of dissociation
constants of antibodies, which may vary substantially.

In most cases, isolation of the biological cc)ulpr)ncnr i5
necessary to ensure that only the molecule of intercst is
bound or immobilized on the electronic comnoncnt. In
some cases this is easv, such as the isolat ion ,rf  i )NA. I t  is
possible to have a commercial vendor make specific
oligonucleotides that are pure and that are already lnbeled.
Antibody or enzyme extraction and purification :rre much
more complex procedures, although crude extracts cirn
sometimes be used. The stability of the biologicirl conrpo-
nent is also cri t ical,  since i t  is be ing uscd outsidc of i ts usuir l
biological environment. A lahite pr()tcin usLr:r l ly nirkes a
poor candidate for a biosensor. Koblizek et al.  (40) isolated
particles from Synechococuu eknrgatu.s that contain thc pho-
tosystem II enzymes. These particles were then trap1,c.l on
an oxygen electrode with a dialysis membrane. l f  rhc
enzymes are working normally, oxygen is generated and is
detccted by the electrode. In the presence of inl-ribitors of
the enzymes (the authors used ccrtain hcrbicides), oxygen
generation is diminished and the effect becomes qrrantifi-
able. Although this device is neither field-hardy nor p?rrri.-
ularly long-lived, it is a clever exirmple of tire use of a nat-
ural product to create a reliable tool.

While it is possible fcrr these biomolecules to be free in
solution in order to function, it is morc conrmon to bind
them to a surface with a known locirtion, irnd therefore thc
attachment of the biomolecule is important. This has
numerous benefits. The precise location of the biornole-
cules will be known. This is especially important whcn con-
structing arrays of sensors, in which a different biomolecule
is attached at a discrete address on a surface and car-r be
interrogated individually by the electronic component.
And, of course, having the biomolecule terhered r() ir sirc
allows other reagents to be introduced by using fluid trans-
fer technology. The objective is to bind the biomolecule in
place without disrupting its biological activity. That is, the
enzyme must still catalyze a reaction, the antibody must
bind its antigen, and the nucleic acid must allow hybridizir-
tion with its complementary strand. A numbcr of attirch-
ment protocols have been described, particularly for the
attachment to glass or silica particles. This may involve a
silane cross-bridge to which biomolecules can be attached.
The need to deposit organic substances on transducers rn a
predictable manner has been addressed by the work of
Decher et al. (21). This group demonstrated the sequential
construction of layers on typical transducer surfaces, such iis
glass, silicon wafers, and quartz. This technique should
improve biosensors by increasing the uniformity of results.
Amino-derivatized olisonucleotides can be attached tcr
glass (SiOr) surfaces rrih 

"r 
fiber.optic cables, glass beads,

or microscope slides though covalenr binding with a chem-
ical linker. Some techniques result in the nonspecific
attachment of oligonucleotides to the surface, which is an
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irnpediment to the hybridization that is required for the
detection by the transducer. Losses ofefficiency such as this
can be avoided through careful attachment of the oligonu-
cleotide r.ia a modified 3' or 5' end of the olicomer. Graham
et al.  (29) used a simple pr. 'ccdure to attach;l igr)mers to an
evanescent-wave biosensor array. Maskos and Southern
(45) described the synthesis of oligonucleotides on deriva-
tized glass bead supports. Glycol spacers of various dimen-
sions can be added between the olisonucleotide and the
glass support,  which faci l i ratcs hyhridizati tn. Other meth-
ods include immobilization within carbon paste or polymers
and stabilization within l-rydrogels or sol-gels (90). The
streptavidin-biot in interaction is often used. Ultrathin
applications of biological material are usually deposited on
trirnsducers by the Langmuir-Blodgett (8) or molecular self-
i rs ' t ' r r rh ly  (5  I  )  t cc l rn iqucs .

Fortunately, attachment protocols are usually uncompli-
cated irnd very reliable. Quantification of the material on a
surfacc, or the density of the material, is another problem
entircly. A number of techniques have been developed to
de tcct mass on a surface, including total internal reflectance
fluorescence, quartz crystal vibration analysis, and optical
reflectornetry. These techniques often take advantage ofthe
fluorcsccnt properties of prcteins (enzymes or antibodies)
for quanti f icat ion. In some cases i t  is possible to use an
intact microbial ccl l  as the hiomolecule (77), which avoids
tl-re problen-r of orientation but does necessitate the creation
of ir  suitable microenvironment.

The target of the biosensor rnust be brought to the
hiomolecule by some mcthod. Typically this is done by sus-
pending thc target in an aqueous solution and flooding the
biomolecule irrea rvith it. This is easy enough to do if the
volume requirecl is in the microliter or greater range; micro-
pipettors do an cxce llent job of delivering fluids. However,
the trend in biosensors has been to miniaturize, bclth to save
on space and weight and to examine very small volumes.
The sarnple size can therefore be very small, and waste con-
cerns are minirnal. To produce a biosensor of this size, a
means of transfcrrins fluids is needed. This is the tcchnol-
ogy of microfluidics, which is very important to the design
of biosensors because fluids irt very low volumes are difficult
t() ln()ve in a uniform lnarlner.

The computational component is the hardware and soft-
ware that interprets and reports on the signal received from
the biosensor; as such, it is beyond the scope ofthis chapter.
With sorne systems there is merely a digital readout, while
in other systems (such as DNA microarrays) the amount of
information and the need to address the data ooints make
cr  ) ln l \u te r  con t r ( ) l  essent i l r l .

The final component is the transducer, which is also the
component that is the rnost unfamiliar to microbiologists.
Essenti:rlly, this is a source of energy which is directed at the
biomolecule and which is changed by the biomolecule in
some way. This change is detected electronically and reported.
Since energy is supplied to the system, it is typical to consider
a tlpe of wave that is introduced (light, electromagnetic, or
sound). Generally, the transducers fall into distinct categories:
electrochemical, optical, piezoelectric, and calorimetric (74).

Electrochemical transducers report changes in voltage
when the current is held constant (potentiometric) or report
changes in current when the voltage is held constant (amper.
ometric). These are by far the most common electrochemical
transducers, although transducers based on conductance and
capacitance have also been described (74). In each case, the
interaction of the analyte with the biological component
causes a change in potential that is detected by the sensor.
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. Optical hiosensors use a f ibcr-opti t .  prohc r() reccivc sfc_
cific wavelengths of light. The u"rr"tiiiry of fiber-oprili is
due to their capacity. to transmit signais that report on

:lu"g"t 
In wavelength, wave propagaritrn t irne, intcnsity,

drsrnburlon of the spectntm, or polari ty of thc l ight. In gen-
eral,  the signal, is acrluired from these devices rhrough ftxi_
Erle cables which can rransmit l ight to the biological cornpo-
nent (such as an exciration iight f,r. flr.,r...,..nce) an,l
receive light back from the ,",rlpi. (such as for lighr genera_
tion.by the sample or light absirption .,, ,.fl".ticr,l). Ligl.,t
conducrance can be accomplished rvith grcat 

"fh.i",i.f( less than 1olo krss.ver sh.rt  cl ista'ces), nr-rr. i '1,, . ,  <,f  sigral i i
usual ly not a problern. Acquisit ion of thc l ight signal by thc
derecror can be a consideriblc proble m if  t l ie l ig6r sorrrce is
very weak, and the clifferencc in lighr signals niay he srnirll.
Light propaga.r ion .ver.hng.. dir irn..r ' (>l ni i  i ,  . , . ; , l i i ;
accompaniet l  by a l()ss of conductnnce eff icieucy unlcss laser
l tgnt rs used.

One of rhe rechnit lues which hus been rnore ful ly t level_
oped, and which now hls becl csnmcrci ir l ized, is the .sc of
evanescent-wave excitation. This is cleper-rclent ()n :ur un_
usual principle , , f  plry. ics antl  reclrr ires s,,mc e*lr la,rat ion to
make ir relevanr to rhe hiologisr. When i ,  hearn ,rf  l ighr
strikes an interface betwern rwo triinsp:lrent interfaces (eig.,
glass and water) the.light bear. is refle.ltc.l .tTthe surflcc anrl
rc l rac ted  th r ( ) l lgh  fh r .  l t r , \ v  r r rc . l i r r rn .  L igh t  r l r r r  l . r .  . l l r t . t t r . , l
tfroug\ a waveguicle, sueh rrs a fib.r-,,ptic .rbl". it thc anglc:
of incitJencer,f  rhc l ight is at t l -re cri t ical angle, r l .re l ighi is
re f rac ted  a t  90o f r , 'n t  t l r c  p ( )11 l : r l ,  t , r l r r t i . r l l  .  1 i ,11 t ,11 .1 , , *  ,1 , . .
interface of the two mecli,r. lf the Iight .r.,r.., r1.," ivavcgui.lc
at an angle-greater th:rn the criticai angl", it ui-r.i".g.res rotul
internal reflection. This creirtes :ut evitnrsccnt $,ilvc lt thc
interface betwcen thc tu,o rnerlil. An evrncsccnr wllve ls
ess.entially an elcctrornagnctic \\,il\:c that tlec:rys ex[\)nen_
tially with distance frorn its sourcc. Thrrs, they rric vcry rverrk
effects and are significar-rt ..ly *,ithi. , ,,r,rli tfisra.ce fr.nr
the waveguide. This is actrrally. a very han.ly rrttribute, srnc(.
bic'rsensor mzrterials attached t,, tlr" l",,u"gui.i" ,,." ,,ff".t..I Ly
the evanescent wave while .rther ntutcri :r ls ,rnlv i t  sht,rt  , l is-
tance away are not. Typicrr l ly, thc :rf tcctcJ . l i . t , , i . ,cc is on r l tc
order of nanometers, whicl-r is optimil l  f i rr  most biomolccrr les.
An excel lent review is avai lablc (81 ).

, ^n ,  rc la te ,J  tc thn , , l , ,g1  i r  s r r r f l r r . t ,  l r l : r \1 t . r )  r r . \ ( ,1 i r r ) \ r .
()rK). ln,rhis tcch.nit lue, the srrrf irce of the rvl, , .cgrr i t le is
coated wirh a thin Lrycr of gold (41). \ fhen l ight i i i ts tht:
gold at a certain anglc, there is ir  r le.creirsc in t ire rcf lcctct l
energy due to the creation of an t:vant:scent u.irvc lrnrl its
interaction with surface plasmons. plasrnons are irnother
dif f icult  physical principlc. They lre qurr lp". i l . i " .  rcsulr ing
t r t tm .quSa, l ta t ion  o f  f  las rn l r  . ' s t  i l l : r t i , , r r r .  T l r r , \ .  r  l r r r  I , t .  r  r r ] -
a ted  hy . re l l cc t ing  r r  phoron o f f  : r  r l r in  1 lc t1 l  l i l 1 . r  (F ig .  ' t ) .
I ne re.tlecteLl_ light sh(rws an energy loss equll to intcgrirl
mult iples of the plasmon energy. Th. d".r"nr" in rci lected
l ight is measured with a CCD ci lrnera and is relateJ to t l-re
quantlty ot matter that inte racts on the bi.rn.lecul.r sitlc .f
the instrument. A particularly lucid exarnple is lr"scnte.l l.y
Mullett et al. (52) 

"r-,d 
is .ecurrlnlen.lcd firr rhose neu, ro rhe

field. Miura et al.  (50) used SpR and a tethcreJ ,,nt ib,, . ly t , ,
measurc benzo[a]pyrene. They ."vere able to rellsc the sensor
mult iple t irnes. Lacer m,rdels incorporirted a dual_ch:rrnber
system to provide a reference electit,de (54). This enirl,les
faster, more accurate detecrion of lnalytcs. N.lron 

"t 
al.

(53) constructed a DNA h_yhriJiz:rt i ,rn'SpR pl:r i fcrrni ancl
demonstrated that i t  can be use.l  r ,r  Jcreci i6S rRNA
specifically. The Biacore company has.successfull\. c()rnlner-

FIGURE 5 The principle of surfact plasmon resonance. The
scnsing surlacc is on rhe opposite side of the metal film from the
illLrminateJ surface. Ilere an antiboily-irntigen-type biosensor is
shorvn, witlr the sensing surfirce incorpo.r,"J ir.rnr'n flow cell. The
light source can be either polarized or laser lighr or an electron
strelrrn. The photodetcctor rnrr"t h,: ahlc t,, rec,,..l subtle changes in
l ight  inrensi ty.

e i l l izr . . l  
,SlR 

rcchnrr l r igy.  A var iety of  b iomolecules can be
i l l lmrrht l rzcd to thc sensor surface.  ]ntrc lduct ion of  target
rnolcculcs lcacls to binding (e.g., antibtdy-irnrigen, chelatlr-
rnctal,  and DNA-DNA). -signal strengtlr is deiermined by a
(--C[) camcnr and is correlated with binding and concentra-
t i txr.  The Biacore X is a manLral model thal should be suit-
lu ble f< rr nrury envirtlnmental experirnents.

A rypc of optical sens()r rhrir  is related to SpR is the
res()nant-mirror hiosensor. Instead of a rnetal layer as the
sensing surfirce , a rnaterial with a high refractive in.lex [such
rrs r irurr iunr ( lV) oxidel is usccl.  This material is overlaid
with l  rnccl i trrn of low. refract ive index (such as si l ica),
wliich is rhcn connected trr one,side .rf , prirm. \7hen lighi
entcrs the_prism, i t  is total ly ref lected from the senslng sur-
lace . The.low-index_ layer is typical ly so thin that the"l ight
may relrch rhe l-righ-inJcx layer through an evanescent
ficLl, alrhough this is dcpen.lcnr on th! corrccr angle of
incit l rnr l ighr rrnt i  phase matching of the resonant mcrrles of
the , l i igh-int lcx rnirterial.-When l ight enrers rhe high-index
rncdium, i f  propagates fo. a .hoi i  distance before exrtrng
tl'rnrugh rhe prism. This makes the angle of the reflectej
Iight very susceptible ro changes at the iurface of the high-
index (ser-rsing) layer. Instea,l of changes in lighr intenslty,
as secn rvitfr SPR, modificirrions ro tfre sensine ,u.fa." ar"
\L ( . t ) : t :  ph . , r t r . .hangcs  anJ  t r re  recorJeJ , rs  changes rn  a rc
secontls of thc rcflecred light. A thorough desciiption of
tfr is technology is avai lable (18). The' resonant-mrrror
biosensor is quite sensit ive (comparable to SpR) but is de.
pcnrjrnr ( 'n hirvi l tg thc r ight materials for the sensing layer.
I  hrrrt(,rr:  ,  i t  is irnl()rtant to hirvc a rel iable attachmenr pro-
tocol for your molecule of interest. Just as for SpR, immuno_
irssays hirvc hecn pcrformed with resonant-mirror tiosensors
!10). Cornplex materials can also be conjugatecl ro the sur-
firce, ar-rd bin.ling events can be studied'in near real time
( i l , l 4 ) .

Piezoelectric biosensors measure changes in mass. A pie-
zoelectric matcriirl, such as quart, crystal, oscillates at a cer-
rain frctlucncy rvhen a p()renfial is applied across its surface. If
the rnilss ilt the surfrce changes because, for example, a bound
antibody cornplexes with a specific antigen, the frequency of
osci l l i rr ion rvi l I  changc, and this change is detectable. Lu et
el. (44) usc(l rhis merhod to detect an enzyme, glutathione
S-transferase, irr concentrarions as low as 0.2 

..ie/.t. 
t, i,

expected that sensitivity rvill continue to improve iith other
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technological developments. The surface acoustic wavc
biosensor depends on the propagation of an acoustic wave
through a medium. The medium is attached to a piezoelectric
detector. If the energy of the wave is confined near the sur-
face. the velocity of the wave and the effects detected by the
piezoelectric detector are influenced by thc mass the wave
encounters. Therefore, a change of mass such as antibody-
antigen binding is directly measurable.

Calorimetric transducers are comparable in function t,
optical transducers, except that heat generation is measured
instead of light. Microcalorimeters can measure very small
fluctuations in temperature and are sensitive enough to
detect heats of molecular interaction (such as ligand bintl-
ing), sr.rbstrate use by microorgirnisms, and rcsponses of
immune cells to antigens. The microcantilever h:rs gretlt

potential to sensitively and sclectively detect comptluncls of
interest. The technokrgy is based on a mcchanical stress
principle. The reactive enc{ of the devicc resernbles ir tiny
dl"ing board, a thin metirl (c.g., eold) platform to rvl'rich
biomolecules can be attached. Typically the rnetal platfbrrn

is less than 1 prn thick, and approximately 100 pm long.

lfhen a tirrget molecule binds to thc attached biornoiccule,
a mechirnical stress occurs in the thin metal. A lirser is
focused on the free end of the metal platftrrrn, rvhere the

deformation is srcatest. Dcviation of the reflcction is de ter-
mined by reflection of the laser onto a sensitive photodetec-
tor. Alternatively, the rcaction can be detccted irs a ch:rngc
in resonance frequency. Although the instruments rvt-'rc iui-
tially rather large i.levices, in recent years they have been
reduced to a convenient size. The number of possible appli-
cations is very great, sincc anything that causes a change in

the metal can be meirsured. ln irddition to tntrrsttrillg
changes in mass, this tcchnique is very irccurate at tempera-
ture detection, and thr.rs possibly can be used to intlicate
exothermic and endothermic reactions. The use of micro-
cantilevers for temperature sensing has the potential to

detect changes of as little as 1O (''C. Fast responsc titnes rtre
possible (e.g., within seconds), although care must be t i ' rkerr
to avoid temperature fluctuatittns due to external contli-
t ions. Dual-material metal grlatforms (e.g., aluminttm irnd
silicon) have also been used. Analytes that interact cliffcr-
ently wirh the two materials will deforrn the platftrrrn in a
measurable way, allowing the interaction to be detected and
quantified. A bioscnsor of heavy rnetals hirs been clescribed
that utilizes metal-binding protcins as the biornolecule
(14). The latest modcls are very compact and wil l  prohahly
be commercialized in the neirr future.

Appl icat ions
The essence of the biosensor is in matching the appropriate
biological and electronic components to produce a relevant
signal during analysis. For example, antibodies can be
atlached to a piezoelectric transducer so that the binding of
the antigen is recorded as a change in the attached mass.
Alternativelv, the antibodies can be attached 16 36 optical
fiber and the antigen binding can be recorded by evanescent-
wave detection (8, 52). This technique is part icularly suit-
able for immunoassays because the evanescent waveform is

operational for only a short distance from the surface of the
optical electrode, and this distance is approximately equal
to the size of the immune cotnplex (74). Immunosensors
that use other detection systems have been described previ-

ouslv (84).
Biosensors need not be overly sophisticatcd: bacterial

cells can be immobilized on the tip of an oxygen electrode

.l  
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(78) or within an onl ine column (57). Occasional ly, whole
yeast cells (6) can be used. The electrode then senses activ-
ity on the basis of the change in oxygen concentration.
With this type of biosensor, it is important to design a refer'
ence standard that distinguishes background activity from
the activity of interest; otherwisc, specificity for the analyte
is lost. Both electrochernical and optical electrodes irre very
uscful for thc detection of signals frorn attached enzymes.
The enzymatic rezlction can cause ar potential change that is

detected by the clectrochcrnical electrocle or can c:ruse a

changc in one of the components of the enzyme system that
can bc detectecl by the optical electrode. Scheper et al.  (73)

usccl the Lrtter concept for their biosens,rr. They attached
the glucose-fructose oxidase from Zymomonas mobilis to a
fiber-optic cirble attirchetl to a fluorimeter. The enzyme
complex contained bound NADP'. When the enzyme oxi-
dizei glucose, i t  reduces NADP' to NADPH, which is a f lu-
orescent molccule. Tl're change in fluorcscence is therefore
proportionirl to the concentration of glucose. There is also a

iritical weakness :rssociatcd with this assay, in that it is de-
penclent on the avai lahi l i ty of NADP*. When the supply is

cxhaustecl, the biosensor no longer functions. Resupplying
the biosensor with an cssentiirl cofirctor is often technically
challenging but is rcquired for long-tcnl rnonit<lring of the

environment. A clever modif icat ion of thc optical sensor
was reported hy Zhou et al.  (91). They uscd conventional
fluorcscent antibodics to find either labelcd microspheres or
birctcri i r l  cel ls, but thcy then uscd a standing acoustic wave
to concentrilte the signal in one known areir. This results in

:rn incrcase in signal becausc very littlc is outside the range
of the fluorcsccnt scnsor.

Nucleic acicl biose nsors depcnd on the ability of a single-
stranded nuclcic acid to hybridize with another fragment of
DNA by complemcntary base pairing. The growing field
of DNA microirrray technokrgy is tcstnment to the strength of

this type of biosensor. Tl-ris samc technology on a smaller
scale cir't be used frrr detection of very specific nucleic acids.
The biosensor describcd by Eggers et al.  (25) integrates
microelectronics, molecular bkrlogy, and computational sci-

ence in an optical electrode format. Their device can detect
hybridization irnd report on the spatial configuration of the
hybridizatron signal on a glass slrrface (25) or a silicon wafer
(41 ), to which the I)NA probes are attached. Several differ-
cnt DNA oligomers cau [,c attachcd to the opticirl clcctrode
at different locations. The DNA on the biosensor is then
hybridized to DNA that is free in solution. The free l)NA
must be labeled, usually with a fluorescent, Iuminesccnt' or

radioisotope decry (r2P) signal. The signal is detected by a

C(lL) camerir, which is extrernely sensitive. The computer
identifies the location of the affected pixels and forms the
signal into a recognizable array. Not ttnly is this technology
suitable for rapid DNA sequencing, but it is also applicable
to the rapid detection of many different gene sequenccs from
DNA extrtrcted from a consortium. Because of the labeling
requirement for standard microarrays, evanescent-wave
technology may be more attractive. A nucleic acid biosensor
that uses i,rar-t"t..nt-*ave technology has been described by

Graharn et al. (29). They used short fragments of nucleic
acids that are small enough to reside within the field of the
evanescent wave. They were able to detect fluorescein-
labelcd DNA hybridizing to their complementary immobi-
lized orobes in a flow cell. Fluorescence was monitored and
reporied as a change in the output voltage. As with many

other technologies, biosensors are being miniaturized. This
presents special challenges arising from the use <lf novel
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materials and assembly techniques which are beyond the sct'rpe
of this chapter. Horveveq a good revierv is available (37).

EMERGING TECHNOLOGIES
Other technologies are norv available rvhttse use in envtron-
mental microbiology is specultitive, although the opportu-
nit ies irre cleirr ly apparent. Xu et al.  (88) usecl si lver
nanoparticles in a sttrdy of tnemhrane transport. Thcsc per-

ticles, 1O to 80 nrn in cliatneter, u'ere usecl to melrsttre the
norositv of membranes uuder vlrriotts environtnentirI cor-rcli-
iiutr., 

"r 
a surrog:rte ftrr lntibiotic uptake. Sih'er lfpears

','ery bright uncler .lark -fieltl tn icrosct4ry, rrl lor.ving tracking
of the part icles thtrr-rgh thc cel ls. Won ct al.  (87) mt,dif ied
the surface of a commcrcial triirgnctic nanoparticlc r.vith :i
small peptidc ancl a flttorescein tagatrt ancl werc able to
introdrrce thcse nrrnopart icles into HeLa cel ls. Although
this is a eukaryotic cel l ,  the application is ir-rtr igtr ing. The
nirnopirrtiL'.les could he pullcd through thc cell by ul:itns of a
magnct, rvith tl're progrcss visturlizetl tlsing thc fluorcscent
tag an.l confocal tnicroscopy. Thc irpplicatic)ll w'.ls createtl
to t letemrinc rvhich host molectt les wil l  interact rvi th t l ' re
attached pepti t lc. While thcse applications i trc sotl tc 'whitt
l imitcd, they dcmonstrate that tnany experincnts might be
possible i f  tnorc versati le t i lgt lnts wcre avl i l l rble'

Qu:rntum dots (also clllcd Qtlots) are n:tnotncter-sizctl
cryst ir l l inc clusters. Typical ly they arc rnade f iom btr l l ict)n-
ductor matcrials (e.g., CdTL, Inl an.l  PbSe ) at strch srnit l l
scales ( i  to 10 r-rrn in cl iametcr) thrrt  thcy could possibly be

used with bacteri ir l  ce l ls. The c() lrstruct i()n of a Qdot is vcry
complex, with lr  ntet ir l  corc sttrrt t t tndc,l  hy : lrr  i l l ( ' rgi t l i ic
"she l l"  nrr l ter ial (c.g.,  zinc sLrl f ide). ()rgrtnic p,r lytne rs c:tn he

attacl-red to the shcl l ,  :r l lorving cotrtpltxing with r. ' r tr iotts

biorn,r lecules sttch i ts antiho(l ies ()r en:ynes. Tir t l i r te the
bulk of QJot rvork in the biosciences has bcen rvith etrknry-
ot ic ce l ls. Their usc i t t  et ln' i r trntrtetrtr l  microhiol()g) '  retn'. l in\
spectr lat ive, although t l ' rey posscss ccrtait t  at lvantttgcs thlrt
may make thcrn vah,rahlc f irr  spccif ic tasks.

Qdots are usecl , ts f lu,rrcscent t l lgal l ts, i tr  nrt lch the slt tne
way that f l rroresccit-r is t tsc. l .  Httrve t,cr, the spcctr lr l  pr()pcr-

t ies of QtLrts are r lepcn(lcrnt olt  the actr. t l t l  sizc of the part i-

cle, as rvel l  i rs i ts shirpc :t t t t l  cornposit ion. With i t t t  i t tcrcltsc
in size, the color of thc f luoresccnce shif ts in a predictable
lnanner. At first tl'ris r.vlis a rlisu.lvirntitge, hut with refined
manufacturi t-rg prr)cesses thi l t  creatc st l tn. l l rrd-size.l  part i-

cles, i t  becorncs a gre:rt  l tdvitntagc. This unustral Pr()pcrty
means that Qcktrs rttiglrt hc availablc itt ltl etlortuotls ritllge
of f luoresceut colors, .gir, ing '"v,rrkers nrult iple tags l i rr  tnvi-
IOnlnenttll ilses.

Qdots l ' rave sevr:r: t l  i rdt l i t i t ,nal a. lvantages. Thel '  have
long f luoresce nt l i fet intcs ( 1 0 to 50 r 'rs), i r l lor i ' ing a f l trorime-
ter to ilvoi.l the excitltion ,,r'rn'clcngth antl tl'rus resulting in

a more defined signal. Excitltion is pcrftrrtnetl rvith :l stirn-

dard l ight source! el inr inlt ing the nced ft tr  sl 'ccif ic wave-
lengths of l ight. Tl.rey cmit e-rceptronrr l ly bright f luores-
cenie, a.r. l , :rs alrcatly notcJ, they i ' rrc avai l i rblc in rt  rrt t tgc of
colors. General ly spcrking, the smirl ler t i -rc Qdtl t ,  the morc
blue i t  is. Their emission spectra are typical ly vcry nrirrow
and symmetric, nvoi. l ing the t i t i l ing of f l t torescencc seen in

other t irgants. They arc rt lsi t  very stable molecules, and
therefore long-terrn ex1-reriments can be ctrrried (rtlt tlsing
the sirme tagrlnt. in adclition, they clLr not "photohleach" as
other fluorescent compottnds llre prt,ne to do.

However, Qdots also have certain clisad','antages thirt
must be acknowledge.l. Thcy are nonbiological antl cann()t

replace fluorescent bioreporter genes such as the GFP gene.

Therefore they cannot be used for gene expression in vivo.

They are also fabricated from heavy rnetals that may have,

toxic properties and are inherently hydrophobic. Both of

these disaclvantages are norrnirlly overcome by conjugating
orqanic molecules to the surface trs ll means to attach reac-

tivc groul.rs such as antibodies or biotin molecules. These

,rrudifi."tiults result in a 
"r'ater-soluble 

particle that can be

more easily handled and is nontoxic. There are several pro'

tocols for irttacl'rment, mirny of which resernble the pro-

tocols for attachment to glass surfrtces or silica particles
(above). Even though they irre in the nanometer range'

they arc still very large cornpared to biornolecules.
Most of tl.re work with Qdots has been with euktrryotic

cells, since they are larger ltnd more complex internally.
Using a hiorirolccule conjugatecl to a Qdot allows the tagant

to either bin.l to ir surface reccptor and tag the cell for a

krng period or enter the cell and permit tracking of the

biornolecule's progress through the cell. Excellent reviews
crf these irppl ici t ions are avai lable (2,35). The worker must

h:rve access to a suitirblc fluoresccnce irnaging system, how'

cver, which requires ski l led use (62).

Qd()ts are |urw available commercially. The first reported
use of Qdots in microorgirnisms was by Kloepfer et al.  (39).

They used a CtlSc Qtlot thirt was conjugated to either a
lcctin or humun trlnsferrin, ancl they demonstrated the

applicability of this tcchniquc rvith se','eral different genera.

As sizts anj spcctral propcrties become more standardized,
the number of uses ft,r Qdots will increilse. It is suggested

that they r.voultl he idcal firr biofilm studies in which three-
dimcnskrnal inriging of specific cclls becornes importzrnt.

SUMMARY
As predicted in thc previotts e. l i t ion of this chapter, the

tcclinolt)cies clescrihecl hcre hrrvc aclvanced aud are becom-

ing more cornnonplace in eu','irontnental rnicrobiology.
This is csr.eciallv trtrc fcrr the biosensors, and the growth in

cornmcrcinl ly avai luble prodtrcts has cert ir inly helped in this

area. !7ith the contintterl  ernphasis on mult idiscipl inary
ruppr,raches to reseiirch topics, the use of these technolclgies
wil l  be invir lLrahle. In thc are,r of f luorcscent proteins, a

sDectruln of excitirtion lncl emissitln wavelengths might

sirc,n he available that rvotrltl allow the use of several biore-
porter gcnes in one specics or the use ofbitlreporters to dis-

i inguish ini l iv iduul spccies in a community. Mult igene

analysis rvi l lhave ir sr.rbstantial impnct on the unclerstanding
of genetic control. In the irrea of biosensors, the trend
toward mini i t tur izat iot ' t  an.l  cclnrmercial izat ion wil l  con-

t inue. I t  is expectet l  that f iclcl :rble biosensors wil l  have a
grcat impact On biowttritre monitoring and long-term eco-
lopical stLrdies.
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