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ABSTRACT 

Rupnow, John H .  M .S . ,  Eastern I l l i no i s  Un i vers i ty 

Morpho l og i ca l  and phys i o l og i ca l  effects of 2 , 4-D on G ram-nega t i ve and 

Gram-pos i t i ve bacte r i a  

Major Professor: Dr.  Wi 1 1  iam Kep p l e r  

Manome t r i c ,  spectrophotome t r i c ,  photomi crograph i c  and qu.a n t i ta

t i ve b i ochem i ca l  techn i q ues were empl oyed to determine the morpho l og i ca l  

and phys iol ogi ca l  effects o f  2 , 4-D on G ram-pos i t i ve and G ram-nega t i ve 

bacter i a .  

The growth and rro t i l i ty of G ram-pos i t i ve bacte r i a  appeared to 

be mo re adversely a ffected than the g rowth and mot i l i ty of G ram-negat i ve 

s pec i e s .  The termi na l oxidat i on ,  lys i s ,  and cha i n  length of both Gram

pos i t i ve and G ram-negat i ve bacte r i a  d i d  not appear to be a f fected by 

the concen t ra t i ons used . The average eel 1 s i ze of both G ram-pos i t i ve 

and G ram-nega t i ve bacte r i a  was observed to i ncrease after exposure to 

1000 ppm 2 , 4- D .  The norma l leakage o f  amino ac i d  and u l t ra v i o l e t  l i gh t  

absorb i n g  ce l l  cons t i tuents appea red to b e  retarded b y  1000 ppm 2 , 4-D .  

i i 
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I NTRODUCT I ON 

Apart f rom the des i red tox i c  effects of a g i ven herb i c i de ,  the re 

a re a number of poss i b le not-so-des i rab le effects on non-target organisms . 

One poss i b i l i ty i s  a d i rect effect on one o r  ITX)re com,:>onents of the com

p l ex commun i ty of-m i c ro-organ isms that inhab i t  the soi l ,  the fe rti l i ty 

of wh i ch depends , i n  part , on the equ i l i b r i um that exists w i th i n  the 

commun i ty .  Another poss i b l e de t r i men t a l  effect i s  tha t herb i ci des may 

be l eached out of the soi 1 i n to d ra i na ge waters wh i ch f i nd the i r  way 

i n to can a l s ,  r i ve rs and reservo i rs ,  poss i b l y  affect i n g  nonso i l  m i c ro

organ i sms . I t  i s  not suffi c i e n t  to cons i de r  on l y  the ef fect i veness 

of a g i ven herb i c i de on a speci f i c p l an t .  Rathe r ,  the overall effect 

of the app l i ca t i on of the herb i c i de must a lso be cons i dered. It i s  

the purpose of th i s  study to exami ne some of the effects of 2 , 4-d i ch l oro

phenoxyacet i c  a c i d  ( 2 , 4 - D) on seve ral spec i es of bacteri a .  
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REVI EW OF L I TERATURE 

THE E FFECTS OF 2 , 4-D ON EUCARYOT I C  CELLS 

! , 4-.Q. and Ce l l  D i v i s i on 

An analys i s  of 2 , 4-D med i a ted g rowth responses of mu l t i cel l u l a r  

organi sms shou l d  i ncl ude a cons i derat ion of changes i n  ce l l  beha v i o r .  

The cel l i s  the s i te of a l l  fundamen tal  p rocesses wh i ch f i nal l y  l ead 

to growth . Ce l l  d i v i s i on ,  eel 1 e l on ga t i on ,  and cel l d i fferen t i a t ion 

can be d i s t i ng u i shed as three consecut i ve phases of ce l l  growth . 

The phase of eel 1 d i v i s i on i s  characteri zed by nucl ear d i v i s i on ,  

fo l l owed by the d i v i s i on of p rotop l asm.  One of the ma i n  cha racter i s t i cs 

of an aux i n  herb i c i de i s  i ts abi l i ty to i n f l uence ce l l  d i v i s ion ( K i e r

mayer ,  1964) , a l though i ts i nf l uence d i ffers from t i s sue to t i ssue.  

Therefore , the vari ous responses w i l l  be d i s cussed i n  re l a t i on to the 

var ious p l a n t  t i ssues . 

Pr i mary me r i s tems a re the centers of the p roduc t i on of al l other 

p l an t  t i ssues . D i s turbances i n  the normal funct i on of pr i ma ry mer i s tems 

w i l l  l ea d  to changes i n  the development of the who l e  pl ant  body . Ba l l 

(1944) revealed that shoot mer i s tems of Tropaeo l um majus are on l y  sl i g h t l y  

affected by 2 , 4- D  and recover shor t l y  a fter the app l i ca t i o n .  Howeve r ,  

2 , 4- D  has been found t o  s t rong l y  i nh i b i t the api ces of tomato ( K i er

maye r ,  1964) . App l i cat i ons of . 25% s o l u t i ons of 2 , 4-D have been shown 

to resul t i n  the i nh i b i t i on of cel l d i v i s i on i o  the term i n a l  buds of 

d i cotyl edonous p l an t s ,  such as sugar bee t ,  rad i s h , grape , k i dney bean, 

red c l ove r ,  and buckwheat (Kraus and M i tchel l ,  1947) . 
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S tu d i es on the di rect effect of 2 , 4- D  o� the nuclear aspects 

of cel l  d i v i s ion a re l i mi te d .  Croker ( 1 953) s tu d i es Al l i um cepa and 

obse rved that 2 , 4- D  caused s ttckines s ,  condensa t i on of chromosomes , 

and de l ayed sp i n d l e  forma t i o n .  He further obse rved b reaks i n  the ch romo

somes and chromat i ds .  Croker s t a ted tha t  co�cen t ra t i ons as l ow  as 2 5  ppm 

are effec t i ve ,  and a concen t ra t ion of 3500 ppm ha l ts m i tos i s .  Ry l an d  

( 1 948) repo rted tha t  2 , 4-D causes a general i nh i b i t i on of cel l d i v i s ion 

and the appearance of c-mi tos i s  i n  root t i p  me r i s tems , but does not cause 

po l y p l o i dy .  

Me ios i s  has a l so been shown to be i n f l uenced by 2 , 4-D  t reatmen t .  

Unrau and Larte r ( 1 952) repo rted tha t  the m i c rospo rocy te and megasporo

cyte aberra t i ons i ncl uded u n i va l ent ch romosomes , b r i dges , fragmen t s ,  

cha i n s  and r i ngs , and s t i cky ch romosomes . The authors s tated that the 

un i va l ent ch romosomes cou l d  res u l t  i n  d i fferent types of aneup l o i d  

p rogeny. The b r i dges were thought to have resu l ted from tardi ness of 

d i sjunc t i on ,  s t i ck i ness of i n d i v i dual anaphase ch romosomes , or d i cen t r i c  

ch rorrosomes . Fragmen t a t i ons were a t t r i b uted to s t i cky ch romosomes 

b reak i n g  at anaphase . The forma t i on of r i n gs and cha i ns was a t t r i buted 

to rec i p rocal t rans l oca t i ons occu r r i ng i n  mi tos i s  p reced i n g  reduct ion 

d i v i s i o n .  S t i ck i ness of ch romosomes was thought to be caused by changes 

i n  the chem i ca l  or e l ectrosta t i c  p rope r t i es of the nuc l e i c aci ds . 

The sens i t i v i ty of secondary me r i s tems to aux i n  herb i c i des depends 

on the degree of d i fferen t i a t i on .  I n  general , t i ssues w i th l i tt l e  d i f

feren t i at ion  are more sens i t i ve to aux i n s  than a re h i gh l y  d i fferent i a ted 

t i ssues (Bea l ,  1 9 5 1 ) . The fo l l ow i ng i s  a descen d i n g order of sens i t i v i ty 

to aux i n  �c t i on: camb i um ,  per i cycle  (in roots� , endodermi s ,  ray and 

ph loem parenchyma, p i th ,  young ph l oem, xylem and ma ture ph l oem (Leopo l d ,  



1955) . I n  add i t i on to decreas ing  aux i n  sens i t i v i ty ,  i t  shou l d  be 

noted that the above a l so show a decrease i n  meri stema t i c  act i vi ty .  

Harr i son ( 1937) s tated that aux i n  sens i t i v i ty depends l a rgely on 

.gene t i ca l l y  con t ro l l ed factors wh i ch vary between d i fferent p l an t  

spec i es .  

4 

I n  an effort to exp l a i n  the d i fferen t h i s to l o g i ca l  effects of 

2 , 4-D on rronocoty ledonous and d i coty ledonous p l ants , St ruckmeyer ( 1 951 )  

suggested that the p resence of l ess d i f feren t i ated cel l s  a round the 

ph loem of d i cotyl edonous p l an ts m i gh t  be an i mportant facto r .  I n  mono

cotyl edonous p l ants the p h l oem i s  surrounded by h i gh l y  d i fferent iated, 

f i b rous ce l l s wh i ch a re i n capab le of p ro l i ferat ion . K i e rmayer ( 1964) 

suggests that the p resence of camb i um between the ph l oem and xy lem of 

d i cotyledonous p lants mi gh t  a l s o  con tr i bute to the i r  pronounced sens i 

t i v ity t o  2.4-D. K i e rrnaye r ( 1 964) fu rthe r stated that the destructi on 

of ph loem leads to severe d i sturbances of the no rma l d i s t r i but ion of 

food by vascu l a r  e l ements and i s  one of the mos t important facets o f  

the weed k i l l i n g  act ion of aux i n  herb i c i des . 

The extent of h i s to l og i ca l  mod i f i ca t i ons i s  c losely  dependen t 

on the concen tra t i on of the auxi n .  Hypocoty l s  of bean p l an ts treated 

w i th 2,4-D were observed to undergo closure and exh i b i ted s t rong p ro-

1 i ferat ions i n  t i ssues c l ose to the po i n t  of app l i ca t i o n .  Howeve r ,  

t i ssues further away from the po i n t  of app l i ca t i on ,  those rece i v i ng 

l ess 2 , 4- D ,  experi enced on l y  m i nor effects i n  the camb i um and endoderm i s  

(K i e rmaye r , 1 964) . 

Leaves t reated w i th 2 , 4-D show cons i de rable  rrodi f i cations of 

form. These rrod i fi ca t i ons are the res u l t of tbe i n·f l uence of 2 ,4-D  

on cel l d i v i s ion duri ng l eaf forma t i o n .  Burton ( 1 947)  reported th a t  



the formation o f  l eaf i n te rcel l ul a r  spaces was p revented by the app l i -

cat i on o f  2,4-D. He hypothes i zed that the l ac k  o f  i n terce l l u l a r  spaces 

was caused by a growth i nh i b i t i on o f  e p i dermal cel l s  or by the preven-

t i on of mesophy l l  ce l l  separa t i on .  Watson (1948) reported chan ges o f  

cel l d i v i s i on f requency i n  deve l op i ng l eaves treated wi th 2,4-D. I n -

stead o f  the norma l ch l o rophy l l  bea r i ng mesophy l l ,  he found a t i ssue 

composed of th i ck wal l ed ce l ls w i thout i n te rcel l u l a r  spaces. The vu l -

nerab i l i ty of l eaf ce l l s depends on the stage of developmen t .  2 4-D , 

has l i tt l e  i n fl uence on the young ce l ls i n  the l ea f  i n i t i a t i ng reg i o n ,  

b u t  does i n fl uence the i r  de ri vat i ves (K i e rmayer, 1964). 

� ,  4-.Q.. and Ce 1 1  En 1 a rgemen t 

The en la rgement of p l ants depends on the e l onga t i on o f  cel ls  

de r i ve d  f rom the shoot and root ap i cal me r i s tems . The p rocess o f  ce l l  

e l ongat i on res u l ts ,  p r i ma ri l y ,  from an enl argement of the vacuo l es by 

water uptake . Acco rd i ng to K i e rmayer (1964), aux i n  herb i c i des have a 

st rong i n fl uence on ce l l  e l onga t i on . He reported that the degree o f  

p romo t i on o f  ce l l  elongat i on by 2,4-D i s  dependent on the concentra t i on 

used . A 0 . 1 % concen t ra t i on of 2,4-D was observed to cause a 20% p romo-

t i on , wh i l e  a 0.5% concentra t i on caused a 30% proroo t ion i n  Avena sp . 

coleop t i  les . Concen t ra t i ons above 1% were sho.-Jn to i nh i b i t  cel l e l on -

gat i on .  

The e ffect o f  auxins on root ce l ls is very d i fferent from that 

on s tem ce l ls .  The op t i mum aux i n  con cent ra t i on for e l ongat ion va r i es 

i n  d i fferent roots; ho.-Jeve r ,  i t  is genera l l y 1/100,000 of the opti mum 

concen t ra t i on for shoots (Audus , 1959). S i mi l a r l y ,  moderate con centra-

t i ons of 2,4-D w i l l  l ead to cel l elonga t i on in co l eop t i l es (stems) , the 

same concentra t i ons are very i nh i b i tory to ce l l  e l ongat i on i n  roots. 
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Curvatures, swellings, and bendings are termed epinastic re

sponses and are caused by the enlargement of cells or cell complexes. 

2,4-D has been shown �o cause swelling of cells at the base of leaves 

(Kiermayer, 1964). Freiberg and Clark ( 1952) found that 2,4-D caused 

twisting of stem tips, and swelling of stems and petiole bases in soy

bean plants. The de�ree of epinastic effect varies in different plant 

species. Zimmerman (1951) demonstrated that 2,4-D caused strong epi

nastic effects in tomato, while tobacco was less affected. Kiermayer 

( 1964) stated that the degree to which epinastic responses are induced 

is directly related to the concentration of 2,4-D. 

Plants normally possess the power to react to the direction of 

incident light (phototropism) and the force of gravity (geotropism). 

Unlike many other auxin herbicides, 2,4-D was not found to affect geo

tropism. However, 2,4-D was found to have a marked inhibitory effect 

on phototropism (Kiermayer, 1964). 

!,4-Q and Cell Differentiation and Physiology 

Cell differentiation represents the last stage of cell growth. 

During this phase, the processes occur which determine final cellular 

morphology and physiology. Although other related auxin herbicides 

have been shown to affect cell differentiation, the activity of 2,4-D 

appears to be restricted to the process of cell division and cell elon

gation (Kiermayer, 1964). 

Most of the auxin herbicides inhibit seed germination (Kiermayer, 

1964). Hamner� 2.J_. (1946) have shown that the seeds of both dicotyle

donous and monocotyledonous plants are inhibited by 2,4-D, although 

seeds of grasses respond somewhat less. At very lOt'i concentrations, 

2,4-D was found to promote germination in citrus fruits (Kiermayer, 1964). 
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Changes in water uptake and alterations in water content of tis

sues are effects of 2,4-D application to some plants. Brown (1946) 

found that the total amount of water absorbed by 2,4-D sprayed bean 

plants was less than that of the control. He observed that the rate 

of accumulation of water in leaves was depressed, whereas in stem tis

sue it was increased. Brown further found that transpiration was re

duced by 34%. Cellular fluid content differed between species (Wort, 

1964). Aqueous sprays of 15% 2,4-D resulted in an increased viscosity 

in the protoplasm of oats and a decreased viscosity in sunflowers. 

Protoplasmic streaming is the name given to the movement of the 

fluid portions of the cytoplasm. Protoplasmic streaming is influenced 

by factors that modify the amount of energy supplied for the process 

and by factors that alter the viscosity of the medium. Low concentra

tions of 2,4-D have been shown to increase streaming in Tradescantia 

virginiana, while high concentrations depressed the ·rate, and inter

mediate concentrations were without effect (Brian, 1964). 

Reduction in water loss might be the result of stomatal closure, 

according to Bradbury and Ennis (1952). A 10% solution of 2,4-D applied 

to the tops of bean plants or to the stiil brought about a partial sto

matal closure. An increase in 2,4-D concentration was observed to in

creas• the degree of closure. The stomata! closure was determined not 

to be the result of decreased water absorption by the roots. 

Wort ( 1964) stated that stomatal closure might be the indirect 

result of the supression of photosynthesis by 2,4-D. Carbon dioxide 

concentration in the leaf appears to occupy a key position in the events 

leading to stomata! opening and closure. A reduction in the ability 

to use carbon dioxide in photosynthesis could result in the accumula

tion of the gas, and a resultant closure of the stomate. 
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Wort (1964) stated that 2,4-D either depresses or has little 

effect on the intake of some fourteen ions by plants. Fol lowing in-

take, 2,4-D was observed to alter the distribution of minerals within 

the plant, causing a decrease of minerals in the leaves and in increase 

in the stems. Metallic ions participate in enzymatic actions and hence 

a change in ion content is reflected by an altered metabolic pattern or 

rate. 

Freiberg and.Clark ( 1952) found that the ability to absorb sodium, 

phosphorous, and nitrate was decreased in 2,4-D treated bean plants. 

Cooke ( 1957) found that a 200 ppm application of 2,4-D caused an initial 

increased uptake of Ca, Cl, and K ions. After twenty-four hours, however, 

an inhibition of uptake was observed. Stahler and Whitehead (1950) re-

ported that applications of 2,4-D to sugar beets caused a. twenty-fold 

increase of nitrate in the tops. 

The treatment of bean and buckwheat plants with 2,4-D has been 

shown to decrease the vitamin content of the stems. Luecke et al. 

( 1949) reported that treatment of the red kidney bean reduced the 

amount of riboflavin, thiamine, and nicotinic acid in the leaves, 

but increased the content of these vitamins in the stems. Wort ( 1964) 

reported that buckwheat, treated with 2000 ppm 2,4-D showed an initial 

increase of vitamin C in the leaves, followed by a pronounced decrease. 

However, stem ascorbic acid was observed to increase. 

A plant's chemical components depend, either directly or indi-

rectly, on the products of photosynthesis for the raw materials and 

energy.requirements. Therefore, changes in photosynthetic rates have 

important ramifications. High concentrati.ons of 2,4-D appear to have 

an adverse effect on the rate of photosynthesis. Freeland ( 1949) found 

that a concentration of 100 ppm 2,4-D reduced the photosynthetic rate 
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by 20% in bean leaves. Wort ( 1964) stated that a . 15% spray of 2,4-D 

on oats caused a 64% decrease in the photosynthetic rate one day after 

treatment. However, one week after the application, the normal rate 

was almost completely restored. 

The relation of color of light and photosynthetic rates was in-

vestigated by Williams and Dunn (196 1). Brassica juncea plants were 

sprayed with 1000 ppm solution of 2,4-D and were grown at an intensity 

of 300 foot-candl�s of light of different colors. Blue light was most 

effective in promoting interference with carbon dioxide utilization in 

photosynthesis. Red light caused the greatest reduction in the chloro-

phyll content of 2,4-D treated plants. 

The depletion of starch and sugar is a result of 2,4-D applica-

tion to a wide variety of plants. Sell et�· ( 1949) treated the red 

kidney plant with a 2,4-D concentration of 1000 ppm. Six days a fte r 

application, he observed the following: 

Stems: 

Roots 
and 

Leaves: 

Depletion of reducing and nonreducing 
sugars; Reduction in starch, crude fiber, 
and hydrolyzable polysaccharides; 

Depletion of nonreducing sugars; No 
change in reducing sugars, starch, poly
saccharide and crude fiber. 

An application of a 1000 ppm solution of 2,4-D to buckwheat plants 

produces an increase-decrease pattern in carbohydrate content (Wort, 

1951). The total sugar content of stems and leaves increased within 

one day of treatment, but decreased to 48% by the eighth day. 

High concentrations of 2,4-D have been found to decrease respira-

tion rates, while low concentrations appear to be a stimulant. Smith 

( 195 1) stated that 2,4-D exerts its toxicity during the aerobic phase 

of respiration. Increases in respiratory rates are affected by ·the 
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influence of 2,4-D on phosphate metabolism. Therefore, 2,4-D affects 

phosphorylation and the production of adenosine triphosphate, determin-

ing the availability of energy for a large number of reactions. Black 

and Humphreys ( 1962) found th.at corn seed 1 i ngs treated with 2, 4-D shewed 

a general increase in the activity of enzymes associated with the pentose 

phosphate cycle. The increase was evidenced by an increased utilization 

of ribose-5-phosphate, an increased formation of heptulose and hexoses 

from ribose-5-phosphate, and an increased rate of oxidation of glucose-

6-phosphate and 6-phosphogluconate • . 

2,4-Q was found to bring about an increase in protein and free 

amino acids in the stem and, simultaneously, a decrease in these com-

pounds in the leaves and roots. Sell et al. (1949) found that when a 

1000 ppm solution of 2,4-D was applied to the primary leaves of beans, 

the protein content of the stems was double that of the untreated plants. 

The amounts of arginine, histidine, isoleucine, leucine, phenylalanine, 

valine, lysine and methionine were increased. There was evidence, based 

on the percentages of specific amino acids, that the character of the 

protein was changed. Sell.!:.!_ �: ( 1949) further observed that sugars, 

carbohydrate reserves, and acid hydrolyzable polysaccharides decreased, 

and they concluded that the increase in protein was at the expense of 

the carbohydrates. Weller et al. ( 1957) also observed that treatment --

of bean plants with 2,4-D resulted in a reduction in amino acids and 

protein in the roots and leaves. He hypothesized that the increase in 

stem proteins was the result of a transfer of nitrogenous material to 

the stem from the leaves and roots. 

Phosphorous is important in the plant because it takes par� in 

a multitude of metabolic processes: photosynthesis, nucleotide ·forma-

tion, respiration, protein synthesis, to mention a few. 2,4-D has the 
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ability to alter the availability of this element and, therefore, has 

far-reaching effects. Loustalot and Muzik (1953) observed an increase 

in phosphorous absorption in white bean plants following 2,4-D appl ica-

tion. However, Fang and Butts (1954) and Rebstock !:,.!. �· ( 1954) found 

that a 2,4-D application decreased phosphorous absorption. 

Rebstock !:!!!J..· ( 1954) found that stem nucleic acids were doubled 

as a result of treatment of bean plants with 1000 ppm 2,4-D. Similarly, 

West �!!J..· ( 1960) found that ribonucleic acid and protein increased in 

the cucumber following a 2,4-D application. Basler and Nakazawa (1960) 

cultured young cotton seedling cotyledons in various concentrations of 

2,4-D. A concentration of 10-2M resulted in an increase in so1uble and 

particulate protein. Ribonucleic acid synthesis was increased and the 

location of the nucleic acid within the eel l components was altered. 

Key and Hanson (1961) sprayed soybean seed) ings with a 5 X 10-4M solu-

tion of 2,4-D. After three and one-half days of growth, the R NA content 

doubled over that of an untreated control. 

Plant metabolic processes are dependent on enzymes, implying 

that changes in metabolic processes resulting from the application 

of 2,4-0 may be the result of altered enzymatic activity. Wort ( 1964) 

has drawn a comparison between sensitivity of castor bean and wheat 

to 2,4-D, and the effect of this herbicide on the lipase of the two 

plants. 2,4-D was much more effective as an inhibitor of castor bean 

lipase than it was on wheat lipase. Wheat is also relatively insensi-

tive to 2,4-D, while castor bean is very sensitive. Freed et a 1 . ( 1961 ) 

has shown that 2,4-D can cause both stimulation and inhibition of an 

enzyme, depending on the concentration. A marked stimulation of 

glyceraldehyde-3-phosphate dehydrogenase was obtained at 100 ppm 2,4-D, 
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whereas an i'nhibition resulted at 1000 ppm. Freed et a 1 . ( 19 61 ) pos -

tulated that the stimulation caused by low concentrations of 2,4-D 

may result from the participation of the herbicide in a substrate-

regulator-enzyme complex. The· accumulation of larger amounts of 2,4-D 

may saturate both the enzyme and substrate separately. Therefore, the 

possible sites of enzyme-substrate combination are decreased, and the 

reaction is retarded. 

Wort (1964) suggests that the activity of enzymes may be altered 

by 2,4-D in a more indirect way., probably through its effects on the 

conditions under which the enzymatic reaction progresses (pH, hydra-

tion, etc.), on the supply of materials for apo-enzyme and coenzyme 

formation, or on the supply of energy for endergonic reactions. 

It is evident that 2,4-D has a myriad of effects on eucaryotic 

organisms. However, the actual effect of the herbicide is at the eel-

lular level. Since many of the metabolic processes found in eucaryotic 

organisms are also found in bacteria, several investigators have examined 

the effect of 2,4-D on procaryotic cells. 
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In an effort to demonstrate that 2.4-D degradation is due to 

microbial action, Brown and Mitchell ( 1948) showed that the disappear

ance of 2,4-D was favored by soil conditions that also favored bacterial 

growth. Soil temperatures below 50°F retarded the rate of 2,4-D deac

tivation. Prolonged toxic effects of 2,4-D were observed where low 

(below 10%) soil moisture prevailed. Maximum rates of 2,4-D deactiva

tion occurred in soil ·that was rich in organic nutrients. Akamine 

( 1951) related the disappearance of 2,4-D to the total numbers of 

bacteria in the soil and found that soils where 2,4-D persisted the 

longest also had the smaller number of bacteria. Brown and Mitchell 

( 1948) demonstrated further indirect evidence of microbia·l breakdown 

by autoclaving soil and observing a decreased detoxication of 2,4-D. 

Audus ( 1949) reported that the time progress curve of 2,4-D detoxica

tion had a considerable lag followed by an exponential rise, both of 

which are characteristic of bacteria in pure culture. Audus (1951) 

demonstrated that a 100 ppm solution of sodium azide, a cytochrome 

oxidase inhibitor, will completely prevent the breakdown, suggesting 

that aerobic organisms are responsible for the biodegradation of 2,4-D. 

Audus ( 1950) was the first to isolate an organism able to use 

2,4-D as its sole source of carbon. In his technique, an aerated 0.0 1 

M sodium dichlorophenoxyacetate solution was percolated through garden 

soil for from fourteen to twenty-eight days. The perfusate was then 

spread on agar plates containing O. 1% sodium dichlorophenoxyacetate 

as the sole source of carbon. In a following study Audus ( 1951) found 

that the bacterium was a short non-motile rod measuring 4 X 8 m. Its 
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nDrphology suggested a close relationship with the corynebacteria. 

Growth and fermentation reactions on differentiating media placed it 

in the Bacterium globiform group. The organism differed from the 

typical Bacterium globiform in that, after continuous growth on the 

same plate for � month, no cocci were formed. 

According to A�dus ( 1 95 1 ) , the ability of these bacteria to 

metabolize chlorinated organic compounds is one of the most striking 

features of the biodegradation of 2,4-D. There-are very few chlori

nated organic molecules found in nature and bacteria must, therefore, 

have evolved under conditions in which they have seldom or never been 

exposed to such nDlecules. However, they are able to adapt themselves 

to the chlorinated compounds and avail themselves of the carbon t hey 

contain for use in metabolism and growth. 

The mechanism by which soils become enriched with bacteria cap

able of using 2,4-D as a source of energy has not been elucidated. 

One t heory suggests that from time to time a species would be produced 

possessing the enzymes capable of utilizing 2,4-D and thus, when sup

plied with the herbicide would have an advantage over nonadapted members. 

Such mutants would proliferate rapidly in the absence of competition. 

However, Audus ( 1 950) suggests that it is possible that adaptive enzymes 

are induced by herbicides in all or in a large fraction of the cells 

of certain responsive species. 

In an effort to discriminate between these two theories, Audus 

( 1 964) stopped bacterial growth by the application of sulphanilamide 

which does not affect metabolic activities. Soil was perfused with 

2,4-D and sulphanilamide fo.r a period of t .ime. Multiplication was 

prevented but adaptive enzyme formation was not affected by this treat

ment. Upon removal of the sulphanilamide, the rate of 2,4-D disappearance 
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was measured. If the mutation theory is correct, the lag in 2,4-D 

disappearance should be equal to the normal lag, since the mutants had 

no opportunity to proliferate. Audus found that the lag in 2,4-D 

utilization was shorter and concluded that this supported the adapta

tion theory of soil enrichment. 

Audus ( 1952) found that bacteria capable of utilizing 2,4-D as 

the sole source of carbon were also capable of utilizing 2,4-dichloro

phenol. He suggested that this phenol was an intermediate in the bio

degradation of 2,4-D. Audus (1964) demonstrated that very low concen

trations of 2,4-dichlorophenol are very toxic to adapted organisms. 

He hypothesized that a feed back mechanism involving the toxicity of 

the phenol intermediate may be the factor limiting the rate of 2,4-D 

breakdown. Audus concluded that the ability to oxidize the phenol 

determines if the organism is adapted. Steenson and Walker (1957) 

demonstrated that an Achrorrobacter sp. adapted to 2,4-D will rapidly 

destroy 4-chlorocatecol, suggesting that this too is an intermediate 

in 2,4-D degradation derived by the substitution of an hydroxy for an 

ortho chlorine in 2,4-dichlorophenol. 

Rogoff and Reid (1956) found that a Corynebacterium sp. was able 

to decompose relatively large arrounts of 2,4-D ( 1 000 ppm) within 3 to 

5 days. These authors stated that the molecule was attacked as a whole, 

the ring was ruptured and complete destruction followed. This was evi

denced by measurements where co2 equivalent to the 2,4-D carbon was re

covered and organic chlorine was released from the rrolecule equivalent 

to the arrount of 2,4-D decomposed by the culture. 

The relationship between the chemical structure of the herbicide 

and its ease of attack by micro-organisms has been examined by several 
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investigators. DeRose and Newman ( 1947) showed that the rates of 

disappearance of 2,4-D, methylchlorophenoxyacetic acid and 2,4,5-

trichlorophenoxyacetic acid were in the order of 18:8: 1 respectively. 

Similarly, Audus ( 1951) found in his soil perfusion experiments that 

the rates of adaptation to the same compounds fell in the order of 

20:5: 1. Therefore, the substitution of a methyl for a chloro group 

in the ortho position in 2,4-D or the introduction of a third chlorine 

in the ring results in an increase in its ·resistance to bacterial attack. 

In Audus' techniques ( 195 1), soils enriched with one phenoxy 

herbicide were then perfused with a solution of another whose subse

quent detoxication was compared with its detoxication in fresh soil 

columns. These experiments demonstrated that a microflora adapted 

to 2,4-D could rapidly detoxicate methylchlorophenoxyacetic acid and 

vice-versa. However, in both cases the rates of  degradation of the 

second rrolecule was slower than in those soils directly enriched with 

that molecule. Soils enriched with 2,4-D did not detoxicate 2,4,5-

trichlorophenoxyacetic acid although some activity was temporarily_ 

induced by an intermediate perfusion with methylchlorophenoxyacetic 

acid. Audus concluded that it was likely that both 2,4-D and methyl

chlorophenoxyacetic acid encouraged the growth of the same organism 

by inducing the specific degradation enzyme systems which possessed 

the power to degrade the other molecule, although less efficiently. 

_!_,,!-.Q. Toxicity and the Soi 1 Ecosystem 

2,4-D has been found to be toxic to several soil micro-organisms, 

but susceptibility varies from type to type. Worth and McCabe ( 1948) 

found that high concentrations ( 1%, 2%) inhibited growth of aerobic 

bacteria. At the 48 and 72 hr. readings it was reported that lower 
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concentrations (less than 0.02%) increased the amount of growth. Fac

ul tative anaerobes were not affected and anaerobic bacteria were inhib

ited only slightly by high concentrations of 2,4-D. Newman and Downing 

( 1958) reported that gram-positive bacteria were more sensitive to 2,4-D 

than were gram-negative bacteria. 

Soil fertility depends, in part, on the complex community of 

micro-organisms that inhabit the soil. Several investigators have 

examined the effect of 2,4-D on the microflora processes that contri

bute to soi 1 fer ti 1 i ty. 

Ammonification represents the first stage in the degradation 

of proteins and other complex nitrogenous compounds of plant and animal 

origins and is carried out by putrifying bacteria of the soil. It is 

an essential part of the nitrogen cycle. The effect of 2,4-D on these 

organi sms was investigated by Johnson and Colmer ( 1955a, 1955b). These 

investigators found that amnnnia production was inhibited when Bacillus 

cereus was exposed to 900 ppm 2,4-D and when Pseudomonas fluorescens 

was exposed to 20,000 ppm. It was concluded that concentrations normally 

applied to the field have little effect on the ammonification activities 

of these two organisms. 

The next stage of the nitrogen cycle is the oxidation of ammonia 

to nitrates and nitrites which is carried out by nitrifying bacteria. 

Slepecky and Beck ( 1950) found the conversion of' ammonia nitrogen to 

nitrate nitrogen was completely inhibited by solutions containing 50 

ppm 2,4-D. Ho.-1ever, continuous percolation of the 2,4-D solution 

through the soil resulted in a reappearance of nitrification. The 

rates of nitrification after recovery were as high as the initial rates. 

It was concluded that the recovery of nitrification fol lows the 'disap

pearance of 2,4-D. 
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Jones (1948) found that the application of 2,4-D to prairie soil 

had no detrimental influence upon nitrate producti6n in soil to which 

no nitrogen had been added. However, when nitrogen in the form of urea 

and sodium nitrite was added there was an indication that 15 pounds per 

acre of 2,4-D was sufficient to temporarily inhibit the formation of 

nitrates. 
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METHODS AND MATE R IALS  

Bacterial Cultures 

A total of six bacterial species was used in this study. The 

gram-negative species were Proteus vulgaris, Escherichia coli! and 

Escherichia coli AS 12. The gram-positive species were Bacillus 

megaterium, Bacillus cereus and Micrococcus lysodeikticus. The 

sources and characteristics of these strains are sunvnarized in 

Appendix A. 

The cultures were grown on Plate Count Agar (PCA) (Appendix B) 

at the optimal temperature for each species and maintained·at 9°c. 

New stock cultures were prepared at four month intervals. 

General 

Glassware 

Manometric flasks and spectrophotometric tubes were cleaned by 

invnersion in chromic acid (Appendix B) for five hours, followed by 

thorough, successive rinses in cold water, deionized water, and dis-

tilled water. All other glassware was washed in detergent followed 

by thorough rinsing in cold water, .deionized water, and distilled 

water. 

Sterilization 

When sterilization was necessary, non-heat labile materials were 

aut�claved in a Castle autoclave at 15 psi for 20 minutes. 
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Reagents 

Reagents (Appendix B) were prepared in distilled water and stored 

at 9°c . All but heat labile reagents were sterilized by autoclaving. 

Centrifugation 

The Sorvall Model SS-4 Manual Superspeed Centrifuge, equipped 

with a SS-34 rotor, was used for all centrifugation procedures. 

Gy rote ry Shaker 

Bacteria grown in PlateCount Broth (PCB) (Appendix B) were incu

bated at the species' optimal temperature and agitated at 140 RPM in a 

Gyrotory Water Bath Shaker, New Brunswick Model G76. 

Spectrophotometry 

Visible spectrum spectrophotometric techniques were performed 

with a Bausch and Lomb Spectronic 20 in matched spectrophotometric 

flasks and tubes. All spectrophotometric readings were made at 540 nm. 

The Beckman DB-G Grating Spectrophotometer equipped with a Beck

man 10 inch recorder and matched quartz cuvettes were used for ultra

violet spectrophotometric procedures. 

Photomicrography 

Photomicrographic techniques were done with an Exakta 35 mm camera 

and a Bausch and Lomb Flat Field Phase Contrast Microscope. Kodak Pana

tomic X film (ASA 32), Microdol X film developer, Medalist F- 3 paper and 

Dektol paper developer were used in all photomicrographic procedures. 

Manometry 

Manometric studies were conducted with a Precision Scientific 

Warburg Apparatus according to methods outlined in Manometric Techniques 
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(Umbrel t il tl· • 1959). Brodie's solution (Appendix B) was used as 

the manometrlc fluid. The species were Incubated at optimal temper-

atures and agitated at 90 strokes per minute. Flask volumes were 
\ 

obtained from Dr. L. Stephen Whitley, Eastern llllnols University, 

Charleston, lllinols. 

Microscopy 

All microscopic techniques were performed with a Bausch and 

Lomb Flat Field Phase Contrast Microscope. 

Standard Culture Work-up 

A loop of each species was transferred from the stock cultures 

to 250 ml Erlenmeyer flasks containing 1 00 ml PCB. The cultures were 

grown to mid-exponential phase (.60 optical density) . 

Effect of Ethanol on Growth Rates 

Since 2,4-D is not readily soluble in water, a suitable carrier 

was needed. Ethanol was found to be an adequate solvent, _but i_ts ef-
.. �-

fects on bacterial growth were unknown at the concentration used. Five 

ml of each culture grown by the standard work-up, was aseptically trans-

ferred to a flask containing 100 ml PCB and a flask containing 99 ml 

PCB and 1 ml 95% ethanol. The growth of each species was monitored 

spectrophotometrically and the growth In the ethanol supplemented 

medium was CO"l>ared to control flasks. 

Effect of �,4-.Q.� Growth Rates 

Five ml of �ach culture was aseptically transferred to 250 ml · 

Erlenmeyer flasks containing 100 ml PCB and various concentrations· of 

2,4-D (in 1 ml 95% ethanol) ranging from 0 to 1000 ppm final concen-

tration. The growth of each species was monitored spectrophotometrlcally. 
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E ffect of !_,�-.Q. �Ae rob i c  Resp i ra tion 

The effect of 2 ,4-D  on the aerobic respira tion o f  Esche richia 

�!·Escherich ia  �AS 12, Baci l l us mega· terlum and P roteus vulgarls 
I 

was exam ined.  The ce l l s were harvested by cen t r i fuga t i on at  1 0 , 000 RPM 

for 10 mi nu te s ,  washed once i n  Sorenson's phosphate buffer (pH 7 . 0 )  

(Append i x  B) fol l owed by centrifugation . The pe l l e t  of eel l s  was resus-

pended in 40 ml of Sorenson's phosphate buffer (pH 7,0) and a l l owed to 

s tab i l i ze for 30 m i nutes to· m i n i mize endogenous oxygen uptake. Then , 

2 . 3  ml  of the ce l l -buffer suspen s i on was t ran s ferred I nto manome t r i c  

f l asks conta i n i ng . 5  m l  o f  1 %  g lucose solution . Two tenths m l  o f  20% 
. 

KOH was p laced. on a wick in ttre""""center wel 1 and var i ou s  concentra t i ons 
. . 

of 2 , 4-D in 0 . 5 ml 95% ethano l , ranging from 0 to 500 ppm final concen-

tra t ion ,  were p l aced i n  the side arms . The f l asks were f i tted on the 

manomete rs, sealed, and incubated at the op timal temperature for each 

spec i es .  The manometers and f l asks were a l lowed to i ncuba te for 1 5  

m i nutes to a l l ow for temperature and gas so lubi l ity to s tabi l ize . Oxy-

gen uptake was mon i to red at 1 5  minute i n terva l s  for 4 5  minutes . 2 4-o ' 

wa·s carefu l l y  decanted from the s i de arm to the f l ask proper and oxygen 

uptake was .rroni to red a t  1 5  minute i n terva l s  for an add I tiona l 2 hours . 

Us i ng the approp ri ate conversion factors , u l  of oxygen taken up was 

ca l cu l ated for each f lask (A�pend i x  C) . 

E f fect of �.�-.Q.£.!l the Aerob i c  Resp i rat ion of Son l cated Ce l l s 

The effect of 2 , 4-D  on the aerobic resp i ration o f  sonicated Ba.c i l lus· 

megate r ium ce l l s  was examine d .  The ce l l s were .harvesied by  centr ifuga tion 

at  1 0 , 000 RPM for 1 0  minu tes , washed once in S�renson's phosphate buffer 

(pH 7 . 0 )  and cen t rifu ge d .  The pel l e t  of cells was resuspended in 20 m l  

o f  Sorenson ' s  phosphate bu ffer (pH 7 . 0 )  and sonicated a t  setting 70 for 
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1 5  seconds . The res u l tant ce l l  fragment suspension was d i l u ted w i th 

20 ml of Sorenson's phosphate buffer (pH 7 . 0 ) .  The same manome t r i c  

procedure used i n  determining the effect of 2 , 4- D  on the ae robic res-

pi ra t i on of whol e  ce l l s was emp l oyed in determining the effect of 2 , 4- D  

on the aerob i c  respira tion of son i cated cel l s .  

Effect of !,i-Q.£!2. Heterolys i s  

The l y tic e f fect of 2 , 4-D on Esche r i ch i a  coli _!, Baci l l us mega-

terium, Bac i l l us cereus , Mic rococcus lysode i kt i cus and P roteus vulga r i s  

was examined . The ce l l s  were ha rvested by centri fuga t i on a t  1 0 ,000 RPM 

for 10 m i nutes , washed once i n  Sorenson's phosphate bu ffe r (pH 7 .0) and 

cen t r i fuged. The pel l e t  of eel l s  was resuspended in 40 ml of Sorenson's 

phosphate buffer (pH 7 . 0) and a l lowed to stab i l i ze for 30 m i nutes . Two 

ml  o f  the cel l -buffe r  sus pension was trans ferred to triplicate spectro-

photomet r i c  tubes contai n i ng the fol l owing: 

Set A 2 m l  Sorenson's phosphate b u ffe r (pH 7.0) 

Set B 2 ml o f  2 0  µg/ml l ysozyme 

Set c 2 ml of 1000 ppm 2 , 4-D 

Set D 1 ml  of 40 �g/ml l ysozyme 
1 ml o f  2000 ppm 2 , 4-D 

. Lys i s  was rronitored spect rophotome trical l y .  

E f fects of !,i-Q. � Leakage of U lt ra vio l et 

Ligh t Absorbing Ce l l  Consti tuents 

The effect of 2 , 4- D  on the leakage' of nucl eic a c i ds and p roteins 

f rom Baci l l us cereus was examined . The cel l s  were harvested by centri-

fuga t i on at 10 ,000 RPM for 10 m i nutes , washed once i n  Sorenson's phos-

phate buffer (pH 7 . 0) and cen t ri fuged . The pe l l et of cel l s  was res us -

pended in 50 ml  of Sorenson's phosphate buffe r .  Five m l  of th i s  suspension 
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was transferred to repl ica te f l asks con ta i ning 0 ,  250 , 500 , and 1000 

ppm concentra t i ons of 2 , 4 - D .  Ten m l  o f  each suspension was withd rawn 

from each f l as k  at  0 h r ,  1 h r ,  2 hr an d 4 h r .  The 10  ml s uspension 

was centri fuged at 10 ,000 RPM for 1 5  m i nutes and the supernatant was 

reta i ned for u l t ra v i o l e t  spectophotome t r i c ana l ys i s .  S tandard u l tra

vio let s pectrophotome t r i c  techniques were emp l oyed to s can absorbance 

from 320 nm to 220 nm. The area under the curve from 280 nm to 240 nm 

was dete rmined by cut t i n g the chart paper a l ong the curve and we i ghing 

i t .  

E f fect of �,i-P-9.!!. the Leakage o f  Amino Ac i ds 

The e ffect of 2 , 4-D on the leakage of amino a c i ds from Baci l l us 

cereus was examine d .  The cel l s  were harves ted by cen t ri fugation a t  

1 0 ,000 RPM for 1 5  mi nutes , washed twi ce i n  Sorenson's phosphate buffer , 

and centrifuged. The pe l l e t  of eel ls was resuspended in 50 ml  of Sor

enson's phosphate buffer. Five ml of th i s  suspension was t rans ferred 

to rep l icate f lasks containing 45 ml of 0 ,  250 , 500 and 1000 ppm con

centra t i ons of 2 , 4-D.  Ten ml of each s uspens i on was withd rawn f rom 

each f lask  a t  0 hrs , 1 hr,  2 hrs and 4 hrs . The suspension was cen t ri

fuged at 1 0 , 000 RPM for 15 minutes and the supernatant was retained for 

amino acid assay . A s tandard cu rve for amino acid assay was prepared 

by add i n g  0 . 0 ,  0 . 1 ,  0 . 2 ,  0 . 4 , and 0 . 5  ml of .001. � g l ycine to tes t tubes . 

The volume of each was brought to 0 . 5  ml  with water . One and one-ha l f  

ml n i nhydrin was added to each tube . The contents of each tube was mixed 

thorough l y  an d p laced in boi l i ng  water for 20 minutes . After heati n g ,  

the tubes were coo l ed i n  an ice bath for 5 m i n utes and 8 ml  o f  50% aqueous 

n-propanol was added to each tub e ,  fo l l owed by thorough m i xing . . The tubes 
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were a l  lowed to s tand fo r 10  m i nutes to deve lop fu l l  co l o r ,  a n d  the 

opt i ca l  dens i t i es were read at 570 nm. A s tandard curve was cons tructed . 

The above tech n i que and de r i ved s tandard curve were used to 

determine the concen t ra t i ons of ami no a c i ds i n  0 . 5  ml po rt i ons of 

cel l - f ree supernatan ts . 

Effect of !,!-.Q. 2!l. Moti 1 i ty 

The effect of 2 , 4-D on the mo t i l i ty of Bac i l l us megate r i um and 

Esche r i ch i a  col i B was examine d .  F i ve ml  of each s pe c i es was trans-

fe rred to PCB con t a i n i n g  200 ppm 2 , 4-D.  The percent moti l i ty was ap-

p rox i mated by v i ew i n g  100 cel l s  i n  d i fferent f i e l ds at  vari ous t i me 

i nterva l s .  

Effect of �,4-.Q. � the Growth of !:£a Phase Cel l s  

The effect of 2 , 4-D on the g rowth of metabol i ca l l y  act i �e Bac i l l us 

mega te r i um and Esche r i c h i a  co l i !!_ ce l l s was examined.  F i ve ml  of each 

spec ies was transferred to two spectrophotome t r i c f l asks conta i n i n g  100 

ml PCB. G rowth was mon i tored spectrophotomet r i ca l  l y  unt i l  m i d-exponen t i a l  

phase (0 . 7  op t i ca l  dens i ty) . 2 , 4-D (f i nal  concen t ra t ion , 1000 ppm) was 

added to one of the fl asks . G rowth was moni tored spectrophotome t r i ca l l y  

for a n  add i t i ona l  4 hours . 

Effect of �,i-.Q. 2.!l. the S i ze £f. Ce l l s 

The effect of 2 , 4-D on the s i ze of Baci l l us megater i um and Escher-

i ch i a  co l i  B was exami ned . F i ve ml  of each spec ies was t ransfe r red to . 

two spect rophotome t r i c  f lasks conta i n i n g  100 ml P CB .  G rowth was moni tored 

spectrophotome t r i ca l l y unt i l  m i d-exponen 't i a l  phase (0 . 7  op t i ca l  dens i ty) . 

2 , 4- D  ( f i n a l  concent ra t i o n ,  1000 ppm) was added to one of the f l asks . At 

one-ha l f  hour i n terva l s  c rystal  v i o l e t  s ta i ned s l i des were p repared . Aver-

age cel l s i ze was determined by meas u r i ng 200 cel l s  per s l i de. 
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The effect of 2 , 4-D on the · l ength of cha i ns of Baci l l us megater i um 

and Esche r i ch i a  col i B was exami ned . F i ve ml of each spec i e s  was t rans-

ferred to two spect rophotome t r i c  f l asks conta i n i n g  1 00 ml  PCB.  G rowth 

was mon i tored spect rophotomet r i cal l y  un t i l  m i d -exponen t i a l  phase (0 . 7  

opt i ca l  dens i ty) . 2 , 4-D ( f i na l  concen t ra t i o n ,  1000 ppm) was added to 

one of the fl asks . At one-ha l f  hou r  i nterva l s , crystal  v io l et s t a i ned 

s l i des we re prepared. Average cha i n  l en g th was determined by exam i n i ng 

200 ce l l s per s l i d e .  
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RESULTS 

Effect of Ethanol on G rowth Rates 

Due to the i n s o l ub i l i ty of 2 , 4-D i n  wa ter,  i t  was necessa ry to 

l ocate a carri e r .  Exami na t i on of the effect of ethanol on the g rowth 

of the sel ected bacte r i a  was conducted to determi ne i f  ethanol coul d 

be used as the 2 , 4-D carr i e r .  No d i fference was obse rved between 

bacte r i a  g rown i n  100 ml  PCB and bacte r i a  grown i n  100 ml PCB con-

ta i n i ng 1 ml of 95% ethano l . 

Effect of 2 , 4- D  on G rowth Rates an d Termi na l Oxi dation 
-. - - - -

The resul ts of the growth rate expe r i ments i nd i ca t e  that Gram-

pos i t i ve spec ies a re more sens i t i ve to 2 , 4 - D  than a re G ram-nega t i ve 

bacte r i a  ( F i gs .  1 - 6) . A total i nh i b i t i on of the growth of Gram-

pos i t i ve spec ies was observed at concentra t i ons of 500 ppm and above. 

Typ i c a l  Gram-nega t i ve spec i es , Escher i ch i a  co l i ! and P roteus vul gar i s ,  

were obse rved to grow at 1000 ppm . I n  a l l  speci es examined,  an in-

crease i n  the 2 , 4- D  concen t ra t i on tended to  i ncrease the l ag phase 

and  decrease the s t a t i on a ry phase popu l a t ion dens i ty .  The concen tra-

t i o n  of 2 , 4-D d i d  not appea r to a ffect the genera t i on t i me .  

The exam i n a t i on o f  the effect of 2 , 4-D on the g rowth of 

phase ce l l s  i n d i cated that 1000 ppm prevented further g rowth of both 

Bac i l l us megate r i um ( F i g .  7) and Esche r i ch i a  co l i ! ( F i g .  8) . The 

popu l a t i on dens i ty rema i ned cons tant aft�r the add i t i on of the 2 , 4-D,  

demons t rat i ng that a l though growth was p revented ,  lys i s  d i d  not occ u r .  
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The res ul ts of the experi ments meas u r i ng the effect of 2 , 4- 0  

on term ina l  oxi da t i on s ugges t that 2 , 4-o has no effect a t  the con

centrations used ( F i g .  9) . Due to the h i gh i n i t i a l  concen t ra t ions 

necess a ry to ach i eve fi nal  concent ra t i ons above 500 ppm, the e ffect 

of concentra t i ons above 500 ppm cou l d  not be exam i ne d .  

I n  an  effort t� determine i f  2 , 4- D  wou l d  affect te rmi na l  oxi da

t i on once in contact wi th res p i ratory memb ranes , cel l s  were f i rs t  

son i ca ted,  then exami ned fo r te rmi n a l  ox idat ion act i v i ty .  A total 

i nh i b i t i on of res p i ra t i on was obse rved . Apparen t l y ,  son i c a t i on a l tered 

the membrane systems necessary for term i n a l  ox i da t i on . 

E f fect of �,i-.Q. £!:!_ Hete ro tys i s  and Leakage 

The ab i l i ty of 2 , 4- D  to a l te r  the ce l l  wa l l -merrb rane comp l ex 

was examined by observing hetero l ys i s  and l eakage . The res u l ts of 

the hete ro l ys i s  experiments i nd i cate tha t 2 , 4-D does not i nh i b i t  bac

te r i a l  g rowth by d i s s o l v i ng the mure i n ,  l i popo lysacchar i de or l i popro

te i n  l ayers of the bacte r i a l  eel 1 wa t t  (Tab l e  1 ) . 

Exam i n a t i on of the effects of 2 , 4-D on leakage o f  u l trav i o l e t  

l i gh t  absorb i ng ce l l  con s t i tuents suggests ·that 2 , 4 - D  does not p ro

m:>te l eakage of these mate r i a l s .  Rathe r ,  a l l 2 , 4-0 conta i n i n g  super

natants had l ess u l t ravi o l e t  l i gh t  absorb i n g  ma te r i a l  than d i d  the 

con trol (Tab l e  2 . )  

The experiments meas u r i n g  the e f fects of 2 , 4- D  on the l eakage 

of amino a c i ds from Bac i l l us mega t e r i um suggests that 2 , 4-D does not 

prom:>te l eakage of amino a c i ds .  Ra the r ,  a l l 2 , 4- D  con ta i n i ng super

natants had quan t i ta t i ve l y  l es s  ami no aci d . than d i d  the con t ro l (Tab l e  3) . 

- -An--tm:-nras-e- t n  -the -am:>urrrs- �o-f--a-mi no ac i d  was observed over t i me  a t  1 ,  

500 and 1000 ppm . . f..t 2�Q...Q.P.!!!.._? , 4 - D ,  there was an i n i t i a l  i ncrease i n  
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TABLE 1 .  The effect of 500 ppm 2 , 4-D and 10 �g/ml lysozyme on the 
l ys i s  of f i ve bacte r i a l  species . 

l a .  Escheii ch i a  co l i  B 

l b .  P roteus vulga r i s  

l e ;  Mi c rococcus lysode i k t i cus 



Table l a .  Escherichia c-o l i  B 
Lyso zyme 

Time Control Lvsozvme 2 4-D + 2 4-D • • 

0 hr . 9  • 9 . 9  .9 

1 hr . 9 . 8 3 . 8 6  . 8 2 

2 hr . 8 5  . 72 . 8 1  . 7 1 

4 hr . 7 5 . 6 0 . 7 1 . 5 6 

Table lb . Proteus vul�aris 

0 hr . 7  . 7  . 7  . 7  

1 hr . 7  . 7  . 7  . 7 

2 hr . 66 . 6 6 . 66 . 6 6 

4 hr . 6 0 . 5 9 . 6 1 . 5 9 

Table le . Micrococcus lysodeikticus 

0 hr . 65 . 65 . 65 . 65 

3 0  sec ; 6 5 . 32 . 62 . 3 2 

1 min . 65 . 1 1 . 6 2 . 1 1 

5 min . 6 2 . 0 2 . 6 0  . 0 2 

3 8  



l d .  Baci l l us cereus 

l e .  Ba ci l l us mega teri um 



Table l d .  Bac illus cereus 

Time Control Lvsozvrne 2 4-D • � 

0 hr . 7 5 . 7 5 . 7 5 

3 min . 7 5 . 61 . 7 5 

2 0  min . 6 9  . 4 0 . 6 2 

1 hr . 5 2  . 1 2 . 4 9  

Table le . Bacillus me�aterium 

0 hr . 45 . 45 . 45 

3 min . 4 5  . 19 . 4 3 

2 0  min . 4 5  . 07 . . 4 1 

1 hr . 4 3  . 05 . 3 8 

Lysozyme 
+ 2 4 -D • 

. 7 5 

. 6 1  

. 3 9 

. 1 3  

. 4 5  

. 1 8 

. 0 6 

. 0 5 

39 
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TABLE 2 .  E ffect of various concentrat ions of 2 , 4-D on the 
leakage of ultraviolet absorbing material from 
Bacillus megaterium . 

Time 
( hrs ) 

0 

1 

2 

5 

0 

1 8 . 71 a 

2 4 . 6 9  

2 8 . 4 3  

2 8 . 7 8 

Concentration ( ppm ) 
250 500 1000 

2 . 8 1 8 . 9 1 2 . 6 3 

9 . 0 1 12 . 0 8 7 . 9 2  

9 . 29 1 4 . 8 4 1 1 . 7 1 

2 8 . 5 5 lt • 9 9  1 5 . 51 

a Relative amounts o f  ultraviolet absorbing 
mat e rial . 



4 1  

TABLE 3 . Effect o f  various concentrations o f . 2 , 4 -D on the 
leakage of amino acids from Bac i l lus megater ium . 

Time 
(hrs ) 

0 

1 

2 

4 .  

0 

0 . 60 

0 . 8 5 

0 . 9 5 

1 . 0 5 

a 

Concentration ( npm ) 
2 5 0  5 0 0  

0 . 3 5 0 . 3 5 

0 . 8 5 0 . 5 5 

0 . 5 0 o . 6 5 

0 . 3 5 0 . 8 5 

( a )  mM X lo-4 glyc ine equivalents 

1000 

0 .  Jt 0 

0 . 4 5 

o . 8 5 

0 . 9 5 
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amino aci d  release fol l owed by a s ubstan t i a l  decrease o f  amino ac i ds .  

Apparen t l y  e i the r the ce l l s reabsorbed the amino ac i ds or they p re

c i p i tated w i th the ce l l s .  

Effect of .?_,�-Q � Moti 1 i ty, Ce l 1 S i ze and Cha i n  Length 

Two hundred ppm 2 , 4- D  was found to i nh i b i t  the mot i l i ty o f  Ba

c i l l us megate r i um 2 m i n utes after app l i ca t i o n .  Howeve r ,  Esche r i ch i a  

col i !!_ was s t i  1 1  mot i l e 10 h rs after the add i t ion 'of the 200 ppm 2 , 4-D.  

Ce l l  s i ze appears to be i n creased by the add i t ion of 2 , 4- D .  

Both Baci l l us mega te r i um ( F i g .  10) and Exche r i ch i a  co l i  B
. 

( F i g .  1 1 )  

experienced a n  i ncrease i n  cel l l ength fol l ow i ng the add i t i on o f  1000 

ppm 2 , 4-D (Tab l e  4) . The i n c rease in ce l l  s i ze was found to occur 

rap i d l y .  I mme d i a te l y  after the add i t i on of the 2 , 4-D the ce l l s  were 

exam i ne d .  Esche r i ch i a  co l i _! experi enced an average 20% i n c rease i n  

s i ze and Baci l l us megate r i um averaged a 25% i n crease i n  s i ze .  

The exami na t i on of the effects of 2 , 4- D  on cha i n  length i nd i 

cates that 2 , 4- D  does not affect cha i n  l ength to any s i gn i f i cant 

degree (Ta b l e  4) . 



F I G .  1 0 .  Effect o f  2 , 4-D on ce l l  s i ze :  Bac i l l us mega te r i um .  

1 0 a .  S i ze of Bac i l l us megater i um cel l s  3 h rs after 

the add i t ion of 1 ml ethanol (2 , 4-D carri e r) . 

10b . S i ze of Baci l l us megateri um ce l l s  3 hrs after 

the add i t i on of 1000 ppm 2 , 4-D .  
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F I G .  1 1 .  E ffect of 2 , 4 - D  on ce l l  s i ze :  Esche r i ch i a  col i B .  

11-a • S i ze o f  Esche r i ch i a co 1 i ,! ce 1 1 s 3 h rs a fter 

the add i t i on of 1 ml ethanol ( 2 , 4-D ca r r i e r) . 

l l b .  S i ze of Esche r i ch i a  col i B cel l s  3 h rs a fter 

the add i t i on of 1000 ppm 2 , 4-D . 
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TABLE 4· . The e f fect o f  1000 onm 2 , 4 -D on the average c e l l  size 
and average chain length o f  Escherichia coli B and 
Bac i l lus megaterium . 

a .  Escherichia coli B 

Time 
( hrs ) 

2 

3 

5 

7 

1 2  

Average c e l l  size ( a )  
+2 4 D 2 4 D . 

- - . -

3 . 2 4  2 . 7 1 

3 . 32 2 . 5 5 

3 . 1 2 l •· 8 9  

3 . 1 1 1 . 0 0 

2 . 96 1 . 0 0  

� b .  Bac i llus megate rium 

2 4 . 3 9 3 . 5 0 

3 4 . 4 7 3 . 2 0 

5 4 . 7 2  3 . 4 6 

7 4 . 11 1 . 07 

12 4 . 2 7 3 . 37 

Average chain length 

. 
-+2 4 D - . 

-2 It D 

1 . 0 4 1 . 3 2 

1 . 2 8  1 . 2 2 

1 . 10 1 . 3 1 

1 . 1 1 1 . 0 5 

1 . 1 4 1 . 1 2 

1 . 5 1  1 . 6 7  

1 . 4 1  1 . 4 0 

1 . 3 7 1 . 3 8 

1 . 4 1 1 . 7 2  

1 . 4 5 1 . 7 9 

( a )  c e l l  length measured in microns 
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D I S CUSS I ON 

The l i terature conce rn i n g  the effects of 2 , 4-D on mul t i ce l l ul a r  

organ i sms i s  abundan t .  Howeve r ,  i nves t i ga t i ons concern i n g the cyto

l og i cal  and b i ochemica l  effects of 2 , 4-D on bacte r i a  a re l i m i ted.  For 

t h i s  reason , many of the resu l ts of t h i s  s t udy wi l l  be compa red to f i nd

i n gs of researchers who dea l t  wi th mu l t i ce l l u l a r  organ i sms � 

The s i te of res p i ra t i on i n  bacte r i a  i s  not located i n  the m i to

chond r i on .  Rather ,  resp i ratory act i v i ty i n  bact e r i a  i s  l ocated i n  

the mesosomes , memb raneous s t ruct u res formed by i n vag i nat i ons of the 

p l asma memb rane , Al though the morphol ogy of the res p i ratory surfaces 

d i ffe r ,  many of the b i ochemi ca l  pa thways are s i mi l a r .  Techn i ques 

emp l oyed i n  s tudy i ng resp i ra t i on in ce l l s of mu l t i ce l l u l a r  organ i sms 

a re often app l icable  to the s tudy of bacter i a l  res p i ra t i on . 

Al though t h i s  i nves t i gator f�und nei ther s t i mu l a tory nor i n h i b 

i tory effects as a res u l t  of 2 , 4-D app l i cat ion ,  seve ra l authors d i d  

report resu l ts .  Carns and Add i cott ( 1 964) reported that Euonymus a reas 

treated w i th 2 , 4-D ma i n ta i ned an abnormal l y  h i gh rate of resp i ra t i on ,  

accumu l ated n i t rogen compounds and re ta i ned greater amounts of photo

synthates than un t reated a reas . Lotl i ka r  ( 1 960) tes ted the effects 

of 2 , 4- D  on the m i tochon d r i a  from cabbage. He reported that 2 , 4 - D  

has a greater i nh i b i tory effect on phosphory l at i on than on resp i ra t ion . 

Th i s  cou l d  expl a i n  the l ack of i nh i b i t i on of oxygen uptake by the bac

te r i a l  spec i es used i n  these stud i e s .  
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A J J bacte r i a )  ce 1 1  wa1 1 s  have i n  common a s t ructural component 

ca 1 1 ed the mure i n  J ayer.  Th i s  ) aye r p rovi des the r i g i d i ty neces s a ry 

to ma inta i n  the i n teg r i ty of the cel l .  Mure i n  i s  a l a rge mo l e cu l e  

made up o f  a polymer of N-acety lmurami c a c i d  and N-acety l g l ucos am i n e .  

To each mol ecu l e  of N-acety l muram i c  ac i d  i s  at tached a pentapep t i de 

o r  a tet rapept i de .  To p rov i de add i t ional s t rength to th i s  mo l ecu l e ,  

b r i dges of amino  a c i ds cross l i n k  the pep t i des a ttached to the N

acetyl murami c a c i d  mo i e ty.  

The ce l l  wa l l s of Gram-pos i t i ve organ i sms cons i s t  o f  60  to 100% 

mure i n .  The ce l l  wal l s  o f  Gram-negat i ve bacte r i a  a re chemi ca l l y more 

comp l ex .  They con ta i n  l es s  mure i n  ( 1 0 to 20%) , but they possess a 

l i pop rote i n  and l i popolysacch a r i de l ayer exter ior  to the i r  mu re i n  l ayer 

(Ca rpente r ,  1972) . 

The p r i ma ry fun c t i on of the ce l l  wa l l  i s  to p rovi de a s t rong , 

r i g i d ,  s t ructural component .  Wi thout a eel 1 wa l l  a bacte r i um ,  under 

normal envi ronmen tal cond i t i ons , wou l d  burs t . Several methods i n  th i s  

study have been emp l oyed to determ i ne i f  2 , 4-D a f fects the ce l l  wa1 1 

comp J ex .  I f  ce 1 1  wal l s a re d i s s o l ved b y  2 , 4-D�  the t reatment of act i ve l y  

g row i ng ce l l s shou l d  cause l ys i s  . . o r ,  i f  2 , 4-D preferen t i a l l y  d i ssol ves 

on l y  the mure i n  l ayer ,  Gram-pos i t i ve spec i es shou l d  be more adverse l y  

affected ( l ysed) than G ram-negat i ve spec i es ow i ng to the exterior 

1 i popolysacch a r i de- l i poprote i n  l ayers on Gram-nega t i ve bacte r i a .  

The resu l ts o f  th i s  study i n d i ca te that a l though G ram-pos i t i ve 

spec i es are more adverse l y  affected than a re Gram-negat i ve spec i es ,  

i t  i s  not due to a d i sso lut ion of the ce l l  wa l l  comp l ex .  The expos ure 

of act i ve l y  grow i ng bacteri_a to 2 , 4-D d i d  h a l t  further growth ,  but 

l ys i s  was not i n duced by 1000 ppm 2 ,4-D  (F i gs . 7 and 8) . I f  2 , 4- D  
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a f fected on l y  the l i popol ysacchar i de and l i poprote i n  l ayers , i ts appl i 

ca t i on w i th l ysozyme , an enzyme that s e l ect i ve l y  d i ssol ves the mu re i n  

l ayer ,  wou l d  cause l ys i s  o f  Gram-nega t i ve species . The res u l ts of the 

hetero l ys i s  exper i ment (Ta b l e  1 )  s uggest tha t  2 , 4- D  does not a ffect 

the l i popo l ysacchari de or l i poprote i n  l ayers . 

The protop l asmi c meni>rane, l ocated jus t i ns i de the mure i n  l ayer 

con t ro l s  the permeab i l i ty of subs tances ente r i ng and l ea v i n g  the cel l .  

L i ke the ce l l  memb ranes o f  mul t i ce l l u l a r  organ i s ms ,  i t  i s  sem i pe rmeab l e  

and chem i ca l l y  composed of l i poprote i n .  Pas s i ve d i ffus ion accounts 

for rruch of the passage of mate r i a l s  i n to and out of the eel 1 .  How

ever, permease s ,  p roteins located i n  the merrb rane , transport substances 

th rough the membrane aga i n s t  the concentra t i on grad ient . 

I f  the bacte r i a l  eel 1 membrane i s  weakened by 2 , 4-D . a l eakage 

of cel l u l a r  CO"l'Onents cou l d  res u l t .  An exami nat i on of the supernatant 

of bacte r i a  t reated w i th 2 , 4-D (Ta b l es 2 and 3) revea l ed that leakage 

of amino aci ds and u l t rav i o l e t 1 l i gh t  absorb i ng ce l l  con s t i tuents 

d i d  not occu r .  Rathe r ,  the natural l eakage o f  the above men t ioned 

cel l u l a r  components appeared to be retarded by t reatmen t w i th 1000 

ppm 2 , 4- D .  Therefore , i t  i s  poss i b l e  that 2 , 4-0 reduces the perme-

a b i  1 i ty of bacte r i a l  ce l l  merrbranes . Th i s  s uppos i ti on i s  supported 

by the expe r i ments reported by B r i an ( 1 964 ) , who s tated that h i gh 

concen t ra t i ons of i ndol acet i c  ac i d ,  the p l a n t  hormone to whi ch 2 , 4-D 

l s  chem i ca l l y  re l a ted,  reduced the l oss of an thocyan i ns (wa ter s o l ub l e  

red p i gments) from Rhoea e p i derma l  cel ls  p l aced i n  wa te r .  

B i n a ry f i s s i on i s  the p redominant  mode o f  reproduction o f  bac

ter i a .  F i rs t ,  near the m idd l e  o f  the organ i s m  the cytop l as m i c  mem

brane g rows i nward,  d i vi d i ng the dytop l asm i n to two s i s te r  ce l l s .  
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The cytop l asmic  memb rane then sp l i ts and each s i ster  cel l then l ays 

down i ts own eel 1 wa l l .  An i ncrease i n  t u rgor of the g row i ng cel l s  

eventua l l y forces a comp l e te separa t i on .  

I f  2 ,4-D does affect the p l asma memb rane i t  i s  a l so pos s i b l e  

tha t i t  wou l d  p revent the inward growth o f  the membrane thus p re-

ven t i n g  ce l l  d i v i s i on .  I f  t h i s  ce l l  con t i nues to as s i mi l a te new 
- -

eel 1 components , a vo l ume t r i c  growth wou l d  res u l t .  Both o f  the 

above poss i b i l i t ies a re supported by the res u l ts of th i s  s tudy . 

Growth was p revented by 1000 ppm 2 , 4-D (F igs . 7 and 8) and an i n-

crease i n  ce l l  s i ze was observed (F i gs .  10 and 1 1 ) .  

A l tern a t i ve l y ,  2 , 4- D cou l d  s t i mu l a te ce l l  e l ongat i on wh i l e  

i nh i b i t i n g  cel l  d i v i s i on .  Accord i n g  to K i e rmayer ( 1964) auxin herb i -

c l des have a s t rong i nf l uence on ce l l  e l onga t i o n .  He reported that 

a 0 . 1% concentra t i on of 2 , 4- D  was obse rved to cause a 20% p romo t i o n ,  

and a 0 . 5% concentra t i on caused a 30% promot ion i n  Avena s p .  coleop-

t i l es .  
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CONCLUS I ONS 

1 .  The growth o f  Gram-pos i t i ve bacte r i a  i s  more i nh i b i ted by 2 , 4- D  

than i s  the g rowth o f  G ram-negat i ve bacteri a .  

2 .  Termi nal oxi da t ion of res t i ng ce l l s of both G ram-pos i t i ve and 

Gram-negat i ve bacter i a  does not appear to be affecteq by the 

2 , 4-D concentrat i ons use d .  

3 .  The normal l eakage of ami no a c i d  and u l t rav io let  l i gh t  absorb i ng 

ce l l  cons t i tuents appears to be retarded by 1000 ppm 2 , 4-D.  

4 .  Lys i s  of G ram-pos i t i ve or G ram-nega t i ve bacte r i a  i s  not i nduced 

by 1000 ppm 2 , 4-D.  

5 .  The mo t i l i ty o f  G ram-pos i t i ve cel l s  i s  rrore sens i t i ve to 200 ppm 

2 , 4- D  than i s  the mot i l i ty of G ram-negat i ve ce l l s .  

6 .  2 , 4- D  a t  1000 ppm s t i mu l ates an i n crease i n  s i ze o f  ce l l s  o f  both 

G ram-pos i t i ve and G ram-nega t i ve bacte r i a .  

]. The cha i n  length of both Gram-pos i t i ve and Gram-negat i ve bacte r i a  

does not appear to be a l tered b y  1000 ppm 2 , 4- D .  



APPEN D I X  A 

Source and Character i za t ion of Cul tu res 

1 .  Esche r i ch i a  co l i  B �--------- ---- -

Source: Purdue Un i vers i ty Cu l ture Co l l ec t i on 
West Lafayette Labora tory 
Lafaye tte,  I nd i ana 

2 .  Esche r i ch i a  col i AS 1 2  �--------- ---- ----

Seki guchi and I i da ( 1 967) i sol ate 
Source : Purdue Un i ve rs i ty Cu l ture Co l l ect i on 

West Lafayette Laboratory 
Lafaye tte,  I n d i ana 

Character i zat ion : Sens i t i ve to acti nomy c i n  

3 .  P roteus vu l ga r i s  

Source : Pu rdue Un i vers i ty Cul ture Co l l ec t i on 
West Lafayette Laboratory 
Wes t Lafayette,  I nd i ana 

4. M i crococcus l ysode i k t i cus 

Source: O r i g i na l  Al exander F lemi ng i sol ate ( 1 922) 
Purdue Un i ve rs i ty Cul ture Col lect ion 
Wes t  Lafayette Laboratory 
West Lafaye t te ,  I n d i ana 

Characteri za t i on :  Comp l e te l ys i s  by l ysozyme 

5 .  Baci l l us megate r i um 

Source: Pu rdue Un i ve rs i ty Cul ture Co l l ect i on 
Wes t  Lafayette Laboratory 
West Lafayet te ,  I nd i an a  

6 .  Baci l l us cereus 

Source: Pu rdue Un i ve rs i ty Cu l ture Col l ec t i on 
West Lafayette Laboratory 
Wes t Lafayette , I nd i ana 

5 1  



Med i a :  

APPEN D I X  B 

Med i a ,  Buffe rs ,  and Reagents 

1 .  P 1 ate Count Agar (PCA) 

Bacto-Yeast Extract 
Bacto-Tryptone 
Bacto-Dext rose 
Bacto-Agar 
D i s t i l l ed Water 

2 . 5  g 
5 . 0  g 
1 . 0 g 

1 5 . 0  g 
1000 .0 ml  

Autoc l a ved for 20 m inutes , 15  ps i  

2 .  P l ate Count B roth (PCB) 

Bacto-Yeast Extract 
Bacto-Tryp tone 
Bacto-Dext rose 
D i s  t i  1 led Water 

2 . 5  g 
s . o  g 
1 . 0 g 

1000 . 0  m l  

Autocl aved for 20 mi nutes , 1 5  ps i 
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Buffers : 

1 .  Sorenson ' s  Phosphate Buffer (0 . 067 M)  

Reagen ts : 

So l u t i on A :  9 . 1  g KH 2P04 (anhyd . )  I l i ter d i s t i l led  HOH 

So l ut ion B .  9 . 4  g Na 2HP04 (anhyd . )  I l i te r  d i s t i l led  HOH 

M i x  Formu l a :  6 1 0  ml A +  390 ml B (pH 7 . 0 )  

1 .  Chrom i c  aci d :  2 5  m l  Ch rome rge (Manos tate Co . )  pe r l i te r  
H2S04 ( F i sher S c l e n t i f i c) 

2 .  95% E thanol 

3 .  Brod i es sol u t i on ,  S p .  G r .  1 . 033 at  25°c (Har l eco) 



4 .  Dextrose ( D i feo) 

5 .  Potass i um hydroxide 

6. 2 , 4- D i ch l orophenoxyace t i c  ac i d  (J. T. Baker Co . )  

]. N i nhyd r i n  ( C a l b i ochem) 

8 .  G l y c i ne ( Ca l b i ochem) 

9 .  Lysozyme (Nut r i t i onal B i ochem i ca l s )  
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