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B iocontrol S cience and Technology ( 1998) 8, 501± 508

Compatibility of Photoactive Dyes with Insect
Biocontrol Agents

PH YLL IS A . W. M ART IN ,É SU E M ISC H K E Ê and
R O BER T F . W. SC H R OD ER É

1 US Department of A griculture, A gricultural R esearch S ervice, Insect
B iocontrol L aboratory, 10300 B altimore Avenue, Beltsville, M C 20705-2350,

US A ; 2 US Department of A griculture, A gricultural R esearch S ervice, C limate
S tress L aboratory, B eltsville, M D 20705-2350, US A

(R eceived for publication 17 N ovem ber 1997; revised m anuscript accepted 24 M ay 1998)

Integrated pest m anagement ( IP M ) program mes of ten look for more speci ® c ways to control

pest s. B iologica l control agen ts, such as the bacterium , Bacillus thu rin gien sis B erliner, and the

fungus, Bea uveria ba ssiana ( B alsamo) V uillem in, can control insec ts with m inimal disturbance

to the environ ment because of their host speci ® city and short half-lives. O ften these agents

alone canno t prevent y ield loss or are too ex pensive . T his study look ed at the in vit ro

com binat ion of these agents and photoactive dyes, especially phlox ine B ( red dye D &C 28) , a

Food and Drug A dm inistration approved dye, with the intent to provide better insect control.

P hotoactive dyes are being tested for the control of m any pest insects. P hlox ine B and related

x anthene dyes, eosin y, ¯ uorescein and rose bengal inhibi ted the growth of both B. thur ingiensis

and B. bassia na . P hlox ine B was the most inhibi tory and ¯ uorescei n the least inhibi tory dye

for both m icrobes. T he magnitude of inhibi t ion increased with increasin g concentrat ion of dye

and light intensity. T herefore, an adverse eVect on the ® eld performance of these biological

control agents in com binat ion with x anthene dyes would be ex pect ed.

Keywords: insect biocontrol, Bacillus thu rin gien sis, Bea uveria ba ssiana , phlox ine B , x anthene

dy es

INTRODU CTION

In recen t yea rs, th e developm en t o f pho toact ive mo lecu les a s cand idate pest icides ha s ga ined

ren ewed vigo r. These com pounds becom e more act ive in su nligh t rather than being

in act ivated qu ick ly by sun ligh t . Severa l typ es of pho toact ive dyes have sh own in secticida l

a ct io n , bu t the cla ss o f com pounds shown to be most effect ive aga in st insects is th e

ha logenated xan then es (H eitz, 1995) . Ph loxine B is one o f the most ef® cient pest icides o f

th is cla ss. The in secticida l act ivity o f the xan then e dyes begin s when the dye absorb s a

pho ton of ligh t . Th is photon ra ises the dye ® rst to an excited singlet state and then to an

Correspondence to: P. A. W. M artin. Tel: 301 504 6331; Fax: 301 504 6973; E-m ail: pmartin@asr r.a rsusda .gov.
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502 P. A . W. M ART IN ET A L .

excited tr ip let stat e. T he excited dye m o lecule gives up th is en ergy to ground st ate oxygen ,

p roducing oxygen in the excited tr ip let state. F in ally, the excited oxygen rea cts wit h the

ta rget subst rate. Th is oxidatio n , and the resu lt in g cellula r dam age, is believed to ca use the

dea th o f the insect (H eitz, 1995). A cco rd ing to H eitz (1995) , m any in sects a re suscep tib le to

pho todynam ic act io n by dyes.

Phloxine B or D &C red no. 28 is u sed in d rugs and co sm et ics, and has therefo re undergone

exten sive toxico logica l test in g by the Food and D rug Admin ist rat ion in the approva l p rocess.

D &C red no. 27 and its d isod ium sa lt , D &C red no. 28, have been sh own no t to be

carcinogenic in eith er rats o r m ice ba sed on long-term d ieta ry stud ies. The accep tab le da ily

in take fo r humans ha s been set at 1.25 mg kg - 1 /day (L ipm an , 1995). Acute toxicity stud ies

have been perfo rmed in laborato ry rats, m ice and dogs. T his dye was app roved by the

E nvironm en ta l P ro tect io n Agency fo r exper im enta l use aga inst th e fru it ¯ y (M oreno &

M anga n , 1995), although the effec ts on non -ta rget invertebrates as well as on so il m icrobes

a re no t known.

F ew of these dyes have been invest igated fo r an tim icrob ia l a ct ivity, especially in regard to

m icrobes with which they m ight be co mb in ed in an in t egrated pest managem en t (IPM )

p rogram me. One group of in secticida l pho toact ive com pounds, the th ia rub rines, ha s been

shown to have ligh t-a ct ivated an tim icrob ia l a ct ivity aga inst G ram-posit ive bacter ia . T his

group a lso has in vit ro an tifunga l act ivit y that does no t req u ire ligh t (E llis et al., 1995). Rose

ben ga l, a xan then e dye, ha s been used as an inhib it or o f funga l growth in media prep a rat io n

(M artin , 1950), and is known to have increased toxicit y toward s fungi under co n tinuous

ligh t . The an tim icrob ia l a ct ivity o f o ther pho toact ive dyes is not well known .

The effects of xa n then e dyes on two microbia l pest icides in co mmercia l u se were

inves t igated . For these m icrob ia ls, Bacillu s thuringiensis Ber lin er and Beauveria bassiana

(Balsamo) Vuillem in , an inh ib it io n of germ ination o r growth may a ffect ® eld per fo rm ance.

T he effect o f B . bassiana on insects, includ ing Co lorado po tato beetle, L eptinotarsa decem -

lineat a (Say), req uires the germ ination and growth of the fungu s (Vey & Fargues, 1977) .

W h ile the ma in toxicity of B . thuringiensis is in the crysta l, spo res p resen t in m any

com mercia l p repa rat io n s enhance in secticida l act ivity fo r certa in in sects (H eimpel & A ngu s,

1959). M any au thor s have p roposed that the germ in at io n o f sp ores and su bsequen t

mu lt ip licat ion o f bacter ia a re responsible fo r en hanced in sect co n tro l.

M ATERIALS AN D M ETH OD S

Strains and M edia

T he B . thuringiensis st rain s u sed were: N R R L B-14961 , a non-toxic st rain ; N R R L B-14962 ,

a m osq u ito-toxic st ra in ; N R R L B-18197, a caterp illar-toxic st rain ; and N TE N 3-2, a beetle-

toxic st rain . N T EN 3-2 was iso lated from N ovodu r (A bbott Lab s, C hicago, IL ). T he

B . bassiana st ra in , M BA S 3-1, was isolat ed from M yco tro l (M yco tech, Butte, M T).

B . thuringiensis st rain s were p ropagated on T3 aga r (Traver s et al., 1987) fo r spo ru lat io n

and va riou s d ilu t io ns o f L -aga r (M iller, 1972). H a lf-stren gth L -aga r was used rout in ely for

the p ropagat io n and recovery of B . thuringiensis (recove ry m ed ium , R M ). Qua rter -stren gth

L -aga r was used to test for nut r ient effects. B . thuringiensis was in cu bated at ro om

tem perature (ca. 25ÊC). Inh ib it io n studies with B . thuringiensis were com p let ed with veget a-

t ive cells and rep ea ted with sp o res. W hen it was d iscovere d that th e st rain s o f B . thuringiensis

used sh owed no d ifferen ce in inh ib it ion with ph loxine B, add it io nal exper im en ts were

conducted with N TEN 3-2 as a m odel for B . thuringiensis in gen era l.

B . bassiana was cu lt ivated on po tato dextrose aga r (P DA ; Oxoid , Basingstoke, U K ) from

con id ia at 25ÊC.

Application of Dyes to M edia and Inoculation of M icrobes

Ster ile Sen si D iscs (Beck ton D ickin so n and Co., Cockeysville , M D, U SA) were au toclaved,

th en soaked in va rio us co ncen trat io ns o f dyes fo r 1 h . Excess dye so lu tio n was decanted
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C OM PATIBILITY O F PH OT OAC TIVE DY ES 503

and the dye-impregnated d isk s were sto red at 4ÊC in the da rk un til n eeded . Phloxine B and

the related xa nthen e dyes, ro se benga l, ¯ uo rescein and eo sin yellow were pu rch ased from

the Sigm a C orpo rat io n (St Lou is). Assays were per form ed in po lystyren e Pet r i d ishes wit h

in terna l d iam eters o f 86 mm co n ta in ing 20 m l o f R M or o ther med ia a s describ ed ab ove.

B . thuringiensis (ca . 105 cells) or B . bassiana (ca . 104 co n id ia ) susp en sions were sp rea d a s a

lawn. D isks were p laced a sep tically on the lawn at least 20 mm from the ed ge o f the pla te.

For h igh concentrat ion s o f dye and incubatio n in the ligh t , a single d isk was p laced in the

cen ter of the p late. Fo r in term ed iate co ncen trat io ns two d isk s were p laced eq u id istan t from

each o ther. For low concentrat ion s and in cu bation s in the da rk, th ree d isks were spaced

equ id istan t on the p late. Blank d isk s that had ab sorbed ster ile water withou t dye were used

fo r co n tro ls.

Assay of the EVect of D ye on Growth

T hree rep licate d ishes for ea ch dye trea tment and co n tro ls were in cu bated at ca . 25ÊC under

coo l white ¯ uo rescen t ligh t . A n iden tica l set o f Pet r i d ishes was in cu bated in co nstan t

da rkness. L igh t as tot al visible en ergy was mea su red with a ligh t meter (E xtech In st rument s,

C in cinnati, O H ) in lux. Lux was used as an est im ate of tot al visible en ergy because the

m aximum abso rbance o f ph loxine B is at 540 nm . Varying ligh t cond it io n s were ach ieved

by in cu bating p lates at d ifferent distances from co o l wh ite ¯ uo rescen t ligh ts, wh ich have a

m aximum sp ectral ou tpu t a round 540 nm (ISCO, 1982). L igh t co ndit ion s between 400 and

900 lux were ob ta ined by incubat in g p lates app roximately 50 cm from the ¯ uorescen t ligh t

sou rce. L ight co nd it ion s of 4000±4500 lux were obta in ed by in cu bat in g p la tes 10 cm from

the light so urce. P lates were exposed to ligh t fo r 16 h du ring a 24-h per iod .

C omparison with Antibiotics

For B . thuringiensis, t he inhib it io n o f growth by ph loxine B was com pa red with the

an tim icrobia ls amp icillin , tet racyclin e, doxycyclin e and eryth romycin in a sim ila r d isk assay.

Ph loxine B and the an tim icrob ia ls were co mpared at therap eu tic levels (1 l g ml - 1 , 5 l g ml - 1

and 50 l g ml - ). An tib io t ic d isks were sto red in the refr igerato r (4ÊC) in the da rk .

Statistics

D iam eters o f zo nes o f inh ib it io n were measu red wit h vernier ca lip ers to the nearest 0.05 mm .

For bacter ia zo nes were measu red at 24 h and fo r fungi at 48 h . E ach zone rep o rted was

the m ea n o f three m ea su remen ts o f zo nes o f in hib it io n on d ifferent p lates. Stat ist ica l ana lysis

was per fo rmed using the M EAN, regression (R EG ) and general linear model (G LM )

p ro cedu res from SA S (SA S Inst itut e, 1988).

R ESULTS

T he growth o f both B . bassiana and B . thuringiensis was inh ib ited by xan then e dyes,

especially phloxine B. Exper im en ts st art ed at concentrat ion s used fo r in sect co ntro l (1% or

10 mg ml - 1 ) and concentrat ion s o f dyes were decrea sed to m inim a l inh ib it io n co ncent rat io ns

(500 l g ml - 1 in the da rk). T he inhib it io n o f B . thuringiensis in crea sed with the concentrat ion

o f dye and am oun t o f ligh t , but was indep en den t of st ra in , med ia and tem peratu re.

B . bassiana growth inh ib it io n in crea sed with the co ncen trat io n of dye and in crea sing ligh t .

EVects of P hloxine B on B. thuringiensis

T he growth rates o f fou r d ifferen t st ra in s o f B . t huringiensis were sim ila rly inh ib ited by

concentrat ion s o f ph loxine B ranging from 0.05 to 10 mg ml - 1 (Tab le 1). Though the st ra in s

fell in to two sta t ist ically d ist in ct groups (P < 0.0001) , less than a m illimet er sepa rated the

zones o f in hib it io n , mak ing th is stat ist ica l d ifference bio logica lly in co nsequen tia l

(R 2 5 0.992) . Th is inh ib it ion o f growth was observed with in cu bat io n in bo th the ligh t (400

lux, m ea n d iameter o f a ll zo nes for a ll st ra ins 5 26.27 6 0.14) and the dark (10.2 6 0.13),
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504 P. A . W. M ART IN ET A L .

TABLE 1. Inhib ition of B . thuringiensis st ra ins by ph loxine B

Strain M ean diameter (mm)a

N R R L B-18197 17.76 (0.2)a

N R R L B-14962 17.78 (0.2)

N TEN 3-2 18.57 (0.2)

N R R L B-14961 18.86 (0.2)

aD iameter of zone of inhib ition 6 standard error (in pa rentheses).

though the zones o f in hib it io n in the dark were always sign i® can tly sm a ller th an tho se at

th e co rrespond ing concen trat ion in the ligh t .

W hen the st ra ins were grown on L-agar, ha lf-stren gth L -agar and qua rter -stren gt h

L -aga r, th ere were no sta t ist ica lly sign i® ca n t d ifferen ces in the d iameters o f the zo nes of

in h ib it io n observed . Fo r N TEN 3-2, the zones o f inh ib it io n fo r 1 mg ml - 1 at 900 lux were:

L -aga r, 28.6 6 1.1 mm ; R M , 30.1 6 2.2 m m; and 0.25 L -aga r, 30.8 6 1.6 mm . In addit io n, no

sign i® ca n t d ifferences were observed with d ifferen t tem peratu res from 25ÊC to 35ÊC.

D ue to the m in im a l d ifferences am ong B . t huringiensis st ra ins, a single st rain , N TE N 3-2,

was used for the rest of the exper im en tat io n . These exper im en ts were co nducted using R M

fo r the m ed ia and with in cu bat io n at 25ÊC.

Phloxine B caused an inh ib it io n o f N TE N 3-2, u sing eith er vegeta t ive cells o r spo res, th at

in crea sed over a co ncen trat io n range o f 1 l g ml - 1 ±10 m g m l - 1 (F igure 1) and with

in crea sing light in t en sit y from 900 to 4200 lux. T he increase in zone o f inh ib it io n at 4200

lux was log-lin ea r over th is co ncen trat io n range (R 2 5 0.97).

W hen vegeta t ive cells were u sed , th ere was no growth with in the zo ne o f inhib it io n if th e

p lates were su bsequent ly incubated withou t ligh t . If spo res were u sed , th en ind ividua l

co lon ies appea red in the zo ne with fu rther in cu bat io n in the dark.

F IG U R E 1. Inhib ition of B . thuringiensis by phloxine B is dependen t on concent ration and ligh t in tensity.

Curves were ® t ted u sing the curve trend function of H arva rd G raphics (Software Publish ing

Corp., F air ® eld , N J).
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C OM PATIBILITY O F PH OT OAC TIVE DY ES 505

TABLE 2. Inhibition o f B . bassiana by xanth ene dyes

D iameter of zone of inhibition (m m) (standa rd error in

parenth eses)

Concentration

D ye (mg m l - 1 ) 0 lux 900 lux 4200 lux

F luorescein 5.0 N one N one 20.2 (1.9)

E osin 0.05 N one N one 8.7 (0.5)

0.5 N one 10.3 (1.5) 22.0 (0.4)

5.0 14.2 (0.8) 43.6 (0.4) 48.7 (1.7)

Rose bengal 0.05 N one 21.4 (0.5) 15.1 (0.9)

0.5 9.2 (0.2) 41.6 (1.5) 26.6 (1.4)

5.0 15.3 (2.7) 51.0 (1.0) 41.9 (0.2)

Ph loxine B 0.5 N one 20.6 (2.1) 27.5 (1.2)

5.0 12.5 (0.4) 52.0 (1.0) 53.1 (1.0)

EVect of Xanthene D yes on B. bassiana and B. thuringiensis

In the da rk there was no inh ib it io n of B . bassiana growth by ph loxine B at concent ra t ion s

up to 0.5 m g m l - 1 . H owever, in the light (900 lux) growth was sign i® can tly inhib ited

(P < 0.0001 ) when m ea sured in the same manner a s B . thuringiensis (Tab le 2). Zones of

in h ib it io n mea su red grea ter th an 52 m m in d iameter at co ncen trat io n s of 5 mg ml - 1 at

4200 lux.

G en era lly, B . bassiana growth was inh ib ited less by other xan then e dyes. The growth o f

B . bassiana was inh ib ited only by ¯ uo rescein at the h ighest concen trat ion (5 mg ml - 1 ) and

h igher ligh t co nd it io n (4200 lux) tested . The zones o f inh ib it io n su rround ing d isks on

B . bassiana lawns increased with bo th in crea sing co ncen trat io ns o f dye and in crea sing light .

T he inh ib it ion pat tern of B . bassiana to rose benga l was unusua l in that t he grea test

in h ib it io n o f growth was under lower ligh ting (900 lux).

W hen tested aga in st o ther xan then e dyes, B . thuringiensis growth was no t in hib ited when

bacter ia were in cu bated in the dark in co ncent rat io ns o f up to 5 mg ml - 1 . T he growth of

B . t huringiensis was inhib ited in the ligh t a s sh own in F igu re 2. Ph loxine B was the most

in h ib itory dye and ¯ uorescein was the least inh ib ito ry dye over the range o f co ncent rat io ns

stud ied (0.5±5 mg ml - 1 ). These concent ra t ion s o f dyes a re known to a ffect in sect s (H eitz,

1995).

C omparison of Antibiotics and P hloxine B

A moxicillin at co ncen trat io n s o f 1, 10 and 50 l g ml - 1 was no t inh ib ito ry aga inst B . thuringi-

ensis in the da rk o r ligh t . Phloxine B at co ncen trat io n s of 1, 10 and 50 l g ml - 1 was a lso

no t in h ib ito ry in the da rk (Table 3). In the ligh t at 4200 lux, the zones o f inh ib it ion caused

by phloxine B were sim ila r to er yth romycin and doxycyclin e at th e h igh co ncen trat io n s and

la rger at th e lower co ncen trat io ns. On ly eryth romycin sh owed a sligh t in crea se in the zone

o f inh ib it io n when the p la tes were in cu bated at 4200 lux.

D ISCU SSION

Ph loxine B and xa n then e dyes, in genera l, were sh own to inh ib it th e growth o f the bio logica l

con tro l agen ts, B . thuringiensis and B . bassiana . B . thuringiensis was inhib ited in the ligh t at

concentrat ion s com pa rab le to th ree antib io t ics tested . Th is in h ib it ion was greater in the

ligh t th an in the dark . T he co o l wh ite ¯ uorescen t ligh ts used th rough out these exper im en ts

a re recom men ded by H eitz (1995 ) a s having the cor rect spectrum fo r the act ivat ion o f
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506 P. A . W. M ART IN ET A L .

F IG U R E 2. Inh ibition of B . thuringiensis by xanth ene dyes is dependent on both concentration and type

o f dye in light at 4200 lux. Curves were ® t t ed using the curve trend function of H arva rd

G raph ics.

TABLE 3. Inhibition o f B . t huringiensis by ph loxine B and antibio ticsa

M ean d iam eter of zone of inhibition (mm ) (standa rd error in

parenth eses)

Concentration

A ntib iotic ( l g ml - 1 ) 0 lux 900 lux 4200 lux

Tetracycline 10 11.5 (0.3) 11.9 (0.6) 12.4 (0.7)

50 19.4 (0.2) 18.7 (0.7) 18.9 (0.6)

D oxycycline 1 16.2 (0.2) 12.8 (0.7) 16.6 (0.6)

10 22.8 (1.0) 21.7 (0.7) 24.0 (0.2)

50 29.3 (0.2) 28.5 (0.1) 29.4 (0.2)

E rythromycin 1 N one 8.2 (0.2) 11.2 (1.7)

10 17.3 (2.8) 16.3 (0.9) 18.9 (0.3)

50 23.2 (0.2) 24.3 (1.2) 27.3 (0.7)

Ph loxine B 1 N one N one 14.8 (0.8)

10 N one N one 24.0 (0.2)

50 N one 15.5 (2.5) 32.9 (1.0)

aB . thuringiensis growth was not inhibited by amoxicillin .

xa nthene dyes. Rose ben ga l is th e on ly dye in th is group dem onst rated to inhib it th e growth

o f som e fungi under certa in ligh t and media co ndit ion s (M ar tin , 1950 ; Pady et al., 1960).

The co ncen trat io n response in the inh ib it io n a ssay fo r B . thuringiensis growth at 4200 lux

was log-lin ear over a 10 000-fo ld range. A t lower light in tensity and in the da rk , th e response

was a lso log-lin ea r over the range o f response from 1 to 10 mg ml - 1 . A s a resu lt o f th is
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linear relat io n sh ip over a wid e range, th e inh ib it io n o f B . thuringiensis growth at d ifferent

do ses and ligh t in ten sit ies, such as wou ld occu r in the ® eld , shou ld be pred ictab le.

As sp ores act to en hance the ® eld per form ance o f B . thuringiensis (H eimpel & Angus,

1959), it wou ld be pred icted that ph loxine B would adver sely affect th e per form ance of

B . thuringiensis in the ® eld . P relim ina ry ® eld data showed that B . thuringiensis p lu s red dye

p rovided on ly the level o f co nt ro l of Co lo rado po tato beetle p roduced by ph loxine B a lone

(by la rva l coun ts; P. A . W. M artin & R . F. W. Sch roder, unpublished). T his is su rp rising,

because the ma jority o f the toxicity to Co lo rado po tato beetle la rva e ca used by B . thuringi-

ensis is due to the cr yst al and no t the sp ore. F urther stud ies are in p rogress to invest igate

th is phen om en on.

Fo r B . bassiana , th e grea test in h ib it io n o f growth was by ph loxine B at 5 m g ml - 1 in the

ligh t (4200 lux). Th is in ten sity is lower than the 70 000±150 000 lux that th e p resen t au tho rs

recorded in a M aryland ® eld in Ju ly over the cou rse of a day (d at a no t sh own). The fungu s

is m ore sen sit ive to ph loxine B in the ligh t th an is B . thuringiensis, as th e zones of inh ib it io n

a re grea ter. As the inh ib it ion of B . bassiana growth by ph loxine B in creased with light

in ten sity, growth m igh t not occur under a ll ® eld co nd it ion s. I t was no t possible to recover

B . bassiana from leaves with in an hou r a fter it was ap p lied wit h ph loxine B under ® eld

cond it io n s, a lthough B . bassiana was recovered under the same co nd it io n s when it was

app lied a lone (P. A . W. M artin & R . F. W. Schroder, unpublished ).

G iven these data , t hese b io logical co n tro l agents and phloxine B are unlikely to be

com pat ib le in co mb in atio n fo r en hanced in sect co n tro l. H owever, th ey may be used in

sequence fo r pest m anagement as they have d ifferent modes o f act io n . Ph loxine B may a lso

a ffect the toxicity o f B . thuringiensis crysta ls. Th is co u ld be a speci® c effect on the p ro tein

o r its sp eci ® c mode o f act io n, rather than a genera l oxidat ion mechan ism . M utan ts wh ich

a re ab le to grow in the p resence o f ph loxine B migh t a lso enhance in sect co ntro l.
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