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In the acid-fast reaction of myecobacteria, the first stage is adsorp-
tion of dye to the surface of the organism. Further penetration into
the bacillary body frequently follows, Without adsorption there could
he no staining, and fastness of dyes to acids or other agents is sce-
ondary,

Table 1, drawn from a large body of data, suggests that pH of
solution and chemical type of dye may be of limited importance, and
perhaps of no underlying significance. In addition to these factors,
the adsorption of dye, with variations according to species, and influ-
ence of additives were studied.

MATERIALS AND METHODS

Dye adsorption—This was measured by mixing a snspension of myeobacteria into
a dye solution of known concentration for a standard period of time. Following cen-
trifungation, the remaining dye content of the supernatant was measured photometrieally.

All of the enltivated organisms used were harvested from the Proskauer and Beck
medium after 4 to 5 weeks of growth at 37°C. Surface masses of wet organisms were
homogenized by hand in saline and adjusted to a concentration of 100 mgm./ml. in
Hopkins tubes. Homogenates were stored at 4°C until used, but the same homogenate
was used for all determinations with a given dye. Except as specified, BCG was the
test organism. It was used unheated. Cultures of M. tuberenlosis, M. boris, and M avium
were heated at 100°C for 10 minutes before homogenization.

Dves were prepared as a 0.1 per eent solution initially, without reference to
moleeular weight or dye content of sample. Few could he regarded as pure chemieals.
From these solutions serial dilutions, usnally 10 to 11, were made with equal amounts
of distilled water until speetrophotometrie sensitivity was lost, ordinarily at about 104,
With samples of low dye content sensitivity disappeared at 10-7,

Aliquots of bacillary suspensions were mixed with 4 parts of suitable dilutions of
dve, giving a final concentration of 20 mgm./ml. of microorganisms. These mixed
suspensions were agitated in a Burrel shaker for 30 minutes at room temperature, and
then centrifuged for 10 minutes at 10,000 g. Supernatants were analyzed spectrophoto-
metrieally for loss of dyve adsorbed to the centrifuged hacilli. In the tables this is
shown as percentages of the samples,

Estimations were made at the adsorption maxima of the dyes, which were obtained
from Conn (¥) or Lubs (7), or determined from the sample used, as with more than
half" those studied. Pyrex glass euvettes were satisfactory for most of the work, but
silica eells were needed for some of the highest dilutions, especially in the 410-150
lambda range. Analyses were made of 4 to 8 serial dilutions, but readings of adsorbence
were disregarded when it was less than 10 per eent or more than 90 per eent. Analysis
of several dilutions provided aceuracy in controls.

Limitations.—Some problems of instability and low solubility of dyes yielded to
use of small amounts of aleohols as solubilizers or stabilizers, or to performance of
tests with minimal delay. Color changes of some dves in the pH range of 6.7-7.0 were
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TasLe 1 —Staining of mycobacterinm spp. BOG,
! . Bl

Dye Solution : pH Staining
Nile blue A A* 3.9 | 4+
B ' 3.8 | 1+
c* [ 7.3 | 4+
Orange 1 f A 6.4 | 0
B | 6.4 0
( 7.5 0
Salfranin O A i 4.2 34
B | 4.3 [ 4+
C 7.2 4+
Thiazine red A | 8.6 0
B | 7.9 0
C | 7.8 1]

I".-\ = aqueous solution, 140 dyve,
‘B = Ziehl-Neelsen formula, 5% phenol, 109 aleohol, 1% dye.
“(" = Hanks' solution, 19 dye,

too provoking for perseverance. This eliminated dves of the gallamin type from study.
Fluoreseenee was an obvious problem with rhodamine B, thioflavine T, and probably
auramine 0. Gross eoloration of bacillary sediment was not accompanied by inereased
transmittance of the supernatant. Measurements at low dilutions required elaborations
heyond the scope of this work. Measurement of adsorption according to pH of solu-
tion was sometimes indieated, but done only in a few cases, as with brilliant eresyl
blue. Adsorption of dyes to glass or plastic tubes was avoided when neeessary by use
of silicone treated glassware.

Dye nomenelature—Dyes are identified by their color index (C.1.) nmumbers and the
names, are those in comumon biologie use (2), Fieser and Fieser (#), and Lubs (7).

Aeid and basie dyes— Definition of a dye as acid or hasie depends upon its ioniza-
tion, and in no way upon pH of an aqueous solution of the dyve. A hasie dye supplied
as its hydrochloride salt will be aeid in solution: vet the dyve will continue to ionize
basically beeause its auxochrome groups are basic, Some aeid dyes, manufactured by
sulfonation of basic dyes, will contain mixtures of acid and hasie dyes. The use of
sulfanilie acid or chicago acid as an intermediate may yvield a dye with both acid and
basie auxochromes. Beeause the sulfonie ion is more strongly acid than the amino
auxochrome is basie, these dyes are dominantly acid. They are listed here as acid dyes
with basic radieals. Aeid++ in Table 2 indieates an acid dye containing two basic
auxochrome groups per molecule. Substitutions in basie groups do not alter basie
characteristics unless ionization is greatly redueed.

Staining procedures—Neid-fast stains were earrvied out chiefly in traditional man-
ner, withont use of heat for fixation, and staining in the cold in Coplin jars for 30
minutes. The standard dye content was 1 per cent. Water-fastness was studied, as
well as acid-fastness (1 per cent HCL in 70 per eent aleohol), and 4 staining solutions
were used in every case, (1) aqueous, (2) 5 per cent phenol-10 per cent aleohol, (3)
Hanks’ solution, and (4) Hanks’ solution containing 1 per cent phenol and 2 per cent
aleohol. The pH of the staining solutions was measured routinely,

Estimation of depth of staining wis referred to that of seetions simultaneously
stained with solutions of new fuchsin, which was by definition the 44 control. Tt has
been suggested previously and is here confirmed, that intensity of staining is related
to dye intensity, and eolor sensitivities of the human eye (*). Dyes in the central part
of the visual spectrum received higher staining ratings from observers than those with
absorption maxima below 480 or above 620 lambda. Accordingly, the degree of acid-
Fastness, from trace to 4+, is an estimation rather than a true measurement.
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RESULTS

The results, shown in Table 2, indicate that dyes are adsorbed by
mycobacteria in accord with their anionie dissociation. Basie dyes
are adsorbed; acid dyes are not. Acid dyes with basic auxochromes
are frequently adsorbed, and may stain bacilli weakly acid-fast, but
usually do not. Some variations from these findings are discussed
under the separate types of dyes. Chemical type of dye is unimpor-
tant, except in the case of the hydroxy fuchsins, which merit special
attention.

‘Nitro dyes—No adsorption of the 3 dyes used occurred. They are
not greatly different from one another chemiecally. Bacilli are not
colored at all.

Benzidine dyes—These are so-called becanse prepared from bhen-
zidine; all are acid dyes, but 6 of the 7 used also contain free amine
groups, Significant adsorption oceurred, which tended to disappear
as the concentration inereased. Staining, however, was poor. The
dyes washed out easily in water as well as acid-aleohol. The pH of
all of these dyves in solution is 8.0 or above for 1 per cent solutions,
regardless of buffering. Congo red gave a little staining at pH 8.2,
but not at pH 7.5. Krie garnet B, which gave moderate staining, con-
tains one amino group. _

Stilbene diyes.— No adsorption was observed, and no staining
proved possible.

Thiazole dyes.— Only the basic thioflavine T was adsorbed or
stained bacilli. Aqueous solutions gave a pH of 3.0 and in Hanks’
solution the pH was 6.6. The pH of the solution was a factor, adsorp-
tion being greater at the higher pH, and a pH close to 7.0 was needed
to produce moderate staining of bacilli. Measurements of adsorption
were affected by fluoreseence and difficult to reproduce.

Aeridine dyes—All arve basie, all were adsorbed, and all stained
bacilli well. The staining was found to be much better when solutions
were buffered close to pH 7.0, with phosphine i and acriflavine.

Furhodine dye—Neutral red has long been recognized as a basie
dye which stains acid-fast bacilli well. It was adsorbed well.

Safranins.—With the exception of indulin, a sulfonated safranin
and an acid dye, all are basie and stained acid-fast bacilli well. Saf-
ranins are not as brilliant to the eye as fuchsins.

Azosafranins.—These two dyes have azo chromophores added to
the safranin complex, and Janus black B has a hydroxy group in this
chromophore. These two dyes went well over the 90 per cent adsorp-
tion level at 10 dilutions, proving as heavily adsorbed as any in the
Series.

Aposafranin—Azocarmine (i of this group is an acid dye. It was
not adsorbed and staining was impossible,

Nigrosin—This is evidently a mixture of azine dyes of uncertain
composition. The formulas call for a basie dyve. The sample was some-
what adsorbed in higher dilution.



53,3 Fite o Fite: Dye Adsorption by Myecobaeleria 327

Ketone imine dye—Auramine O, strongly basie, has been much
used for myeobacteria because of its fluorescence. The adsorption
observed may actually have been greater, with fluorescence lowering
the measured speetrophotometrie reading.

Mono-azo dyes—These dyes constitute a somewhat heterogeneous
group, not easily characterized. All are acid dyes. Only 2 were ad-
sorbed and stained, both of them having basic gronps.

Dis- and poly-azo dyes—The 4 similar dyes, bismarck browns and
chrysoidin Y, are basic, were adsorbed, and stained baeilli well. Chry-
soidin Y is the mono-azo congener of the diazo bismarck browns, and
is included here because of its chemical similarity. Its adsorption was
measurably less, and it stained BCG poorly, but M. lepraemurium well,

The adsorption of chicago blue gave a reading observed with a
number of the acid dyes with basie components. At higher dilutions
adsorption occurred, but in the more concentrated solutions, there
was none. No staining should ocenr from a 1 per eent solution, nor
was any ohserved.

Direet green (i stained some mycobacterial species well. 1t has 2
free amino groups per molecule, and is the only poly-azo dye on the list.

Oxazine dyes—These dyes followed the general pattern. The basie
dyes were adsorbed, the acid dye not. Staining of bacilli corresponded
to the adsorption. Brilliant c¢resyl blue at pH 3.4 appeared to coat
bacilli with a monolayer, outlining organisms clearly, but without
penetration of the bacillary body. At pH 6.5 much heavier staining
was observed.

Indamin dye.~—"Toluylene blue was the only satistactory one studied;
it did not have much color intensity, but was well adsorbed.

Thiazine dyes—All the basie dyes of this group followed the pat-
tern. The azures were adsorbed according to their methylene blue
component. Problems of solubility and color change gave only fair
results with brilliant alizarin blue.

Aryl methane dyes—With the exeeption of malachite green all the
basie dyes of this group were adsorbed and stained baeilli. The acid
dyes did not. Malachite green oxalate was adsorbed as though it were
an acid dye with a basie component. Conn lists it as a weakly basic
dye. It is felt that both of the samples investigated had the color-base
somewhat altered in rendering the salts water-soluble.

Two samples of acid fuchsin differed markedly from a sample
studied some 25 years ago (*) which gave no staining of mycobacteria.
This dye is prepared by direet sulfonation of basie fuchsins, and the
adsorption and staining are attributable to residual fuchsins con-
taminating the sample, or to incomplete sulfonation. A similar situa-
tion existed with methyl green (CU 11, 106) which is manutactured
from erystal violet.

Wool green stained BCG slightly at pH 4.6, but not at pH 7.0,
where the adsorption study was earried out. It failed to stain M. lep-
raemurium at either pH.
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Xanthene dyes—Conn (*) tells the story of Mallory’s discovery
that phloxin B was ““the best eosin 1 have found. .. ."" Clearly an acid
dye, the sample at hand was significantly adsorbed and stained bacilli
variably a light pink shade. Krythrosin gave similar inconsistencies.
The rhodamines and pyronines, all basic dyes, were well adsorbed.
Rhodamin B adsorption could not he measured spectrophotometrically
because of fluorescence. It was felt that the activities of phloxin B and
erythrosin bluish resulted from contamination of the samples with
basi¢ pyronins.

Anthraquinone dyes—Nothing of interest was exhibited in this
group. The poor water solubility of many other members of this elass
eliminated them from the study.

Miscellancous dyes—Pinacyanole at pH 6.7 stains BCG purple
and M. lepraemurivim blue. It undergoes a color change at a slightly
higher pH. Alecian blue has a low dye content and high salt content.
Its strueture is uncertain: it is manufactured from phthaloeyanin pig-
ments by ammonification. It is probably a basie dye.

Huydrory aryl methane dyes—The metachromatic effeets of stain-
ing mycobacteria with ertochrome cyvanin R have been reported (7).
[t was not recognized at the time that some of the color differences
were attributable to the organism studied. The importance of phenol
is even more striking with rosolic acid, and eriochrome azure blue was
erroncously reported not to stain mycobacteria, BCG not having been
tested. :
With 2 of these dyes the presence of phenol is significant for stain-

TasLE 3.—Hydroxy aryl methane dyes.

Per cent adsorp-

| tion by BCG Staining
Dye : _p}_l-.'l‘li B BCG | M. lepraemurinm
' R | PH3G  pHG6 | pH36  pHGS
—r Arer | 3+ 24 | 0 0
1, R()I:-mllt-l :it-uzr( . | Blue Blue
sumbda 460 e . 3+ 3+ . 44 24
i B Mixed Blue-Yellow Yellow Yellow
: : - | 3+ 1+ | 14+ Traee
2. P‘Il(l:);'hit;l:,‘;l:"\‘m"" R A3 Mixed Blue-Orange | Yellow-Orange
Lambda 525 7N 22 25 i+ | F 3
. Blue Mixed | Yellow-Orange
=S <o . R R —
3. Eriochrome azure - A 69 | 1+ 2+ | 0 0
Blue C.l. 43,830 Mhixed Hue | 1
Lambda 430 7N 46 =+ 2+ ) 1+
e o Mixed Blue-Orange Orange

"A = Aqueous solution.
b7 N = Ziehl-Neelsen formula.
“Absence of measured adsorption beeause of fluorvescence.
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Tasre 4—Dyes staining myeobacteria 24 or better.

Dye type Number Basice Aeid+ Aecid Uneertain
1. Thiazole 1 1
2. Aeridine D 5
3. Eurhodine 1 1
4. Safranins b )
A, Azosafranins 2 2
i. Ketone-imine 1 1
7. Mono-azo 1 1
8. Poly-azo 4 4
9. Oxazine 3 3
10, Indamin 1 1
11. Thiazine* i i
12, Aryvl methane (i (5
13. Xanthene ! 3 1
14 Hydroxy aryl } 3
methane
15. Miscellaneous 2 2
Total H 39 | 1 1 | 3

"Azures A, B, €, excluded as methylene blue additives,

ing, although less dye was adsorbed from the Ziehl-Neelsen solutions
than from the aqueous, the dye strengths being equal.

All 3 hydroxyfuchsins can be adjusted to produce metachromatic
effeets (Table 3), and red shades have been observed. Sharp differ-
ences oceurred between staining of M. lepraemurium, and of BCG.
It is not known whether these dyes ionize as acids or as bases, and
they present an unresolved puzzle. Molecular rearrangement on con-
tact is probable. _

Staining of mycobacteria demonstrating acid-fastness (Table 4)
agreed well with the finding that adsorption was dependent upon
anionie dissociation.

The exceptions do not disturb the thesis of the importance of
basicity, in consideration of the impurities of many dyes, and of pos-
sible anionie alteration resulting from solubilizing as salts.

Rate of adsorption and staining.—The shortest time interval meas-
urable was 2 minutes, which meant brief shaking and rapid centrifuga-

TaBLE S.—Rate of adsorption by BCG at 0.8 > 105 dye.

Time Per cent adsorption
Minutes Satranin 0 New methylene blue
) 2 21 5

) | . 28 | 43
10 i 30 40

15 32 - 54
30 [ a8 i)
60 4 61
90 40 47

120 ar 45
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tion at 12,000 g. Both dyes studied (Table 5) were so rapidly adsorbed
that more than 50 per cent of the maximal adsorption had already
taken place in the minimum interval.

BCG grown on the Proskauer-Beck medinm stains acid-fast with
equal rapidity, regardless of time, being stained almost as heavily in 2
as in 20 minutes. Contrarviwise, M. leprae and M. lepraemurium de-
rived from tissues stain much more slowly. These large variations
could stem from varying rates of penetration of dyve into bacillary
hodies, under different bhiologic conditions, or the staining rate of
bacilli may be conditioned by anionic adsorptions already present.

Variations in pH.—Variation of pH is significant to staining of
some dyes. Three examples are noted (Table 6). A\ great many more
examples were observed in which variation of the pH made no differ-

TapLe 6.—Staining of mycobacteria species by diffevent types of dyes.

Dye ' pHl ' Staining pH Staining
Amethyst violet 5T 24 6.9 44
Methylene blue [ 3.6 Trace 7.4 3+
Aeridine orange 3.6 0 6.15 34

TaprLe T—FKffects of phenol on adsorption and staining.

| | Per cent adsorption : Staining
Dye | Typeofdve | |- .
| _\\':ltvr 5% phenol Water 5% phenol
1. Martius yellow Nitro I 0 0 Lo 0
2. Benzopurpurin 108 Benzidine 15 15 0 Trace
3. Thioflavine T | Thiazole C10 10 24 24
4. Aeridine orange Aeridine 41 38 3+ 34
5. Neutral red |Kurhodine 55 fi2 3+ 34
6. Safranin 0 [Satranin 32 11 3+ 34
7. Janus black B I\ zosafranin 82 Ss3 | 3+ 34
S, Azocarmine G | Aposafranin 0 2 0 0
9. Nigrosin |Complex azine 12 11 Trace Trace
10, Auramine 0 | Ketone-imine (a) (a) 3+ 34+
11. Eriochrome blue black R | Mono-azo 30 20 24 1+
12. Bismarek brown 53-13  |Diazo 33 19 [ 3+ 3+
13. Toluylene orange Diazo 19 18 Trace Trace
14. Meldola's blue |Oxazine b s 24 24
15. Toluylene blue [Indamin 19 27 24 24
16. Methylene blue €1 | Thiazine 10 10 I 3+
17. New fuchsin [Aryl methane 33 46 RS 44
18. Crystal violet [ Aryl methane 21 61 [ 4+ 44
19, Brilliant milling green | Aryl methane 3 1 " 0
20, Pyronin Y | Xanthene S 22 3+ 34
21. Azure blue B Hydroxymethane G9 46 14 24
(pH 3.6) '
22, Eriochrome eyanin R Hydroxymethane = 37 232 [ 1+ 34
(pH 3.6) :
23. Pinaeyanole Cyanin 72 a7 |44 44
24, Aleian blue Solubilized 92 96 3+ 3+

pigment
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enee; equally good stains have been observed over a wide range. The
few variations evidently relate to dyes, not to bacillary factors,

Effect of phenol.—Lartigue and Fite (%) showed that phenol did
not alter new fuehsin chemically, and that improved staining could
he obtained with several organie agents, Solubilizing effeets were
suggested, but no direet action on dye or bacilli.

This work was extended to inelude dyes of nineteen types (Table 7).
Bacilli were stained from 1 per cent solutions in both water and the
Zichl-Neelsen formula.  Adsorption was measured at 0.8 X107 dye
coneentration in similar solutions.

Phenol had no effeet on adsorption or staining with 14 of 24 dyes,
It increased the adsorption of 5 dyes and decrcased it in the case of
5 others. Blind reading of the degrees of acid-fastness showed no
differences in 30-minute staining intensities, with the significant ex-
coption of the hydroxy fuchsins. In these the measured adsorption
was decreased by phenol, while the staining increased. Moleeular re-
arrangement of these dyes in the presence of phenol is snggested,
rather than effeet upon baeilli.

COMPARISON OF ADSORPTION AND STAINING OF DIFFERENT
SPECTES OF MYCOBACTERIA

The experiments showed that differences in adsorption and stain-
ing might he expected according to mycobacterial species. A larger
test run was carried out accordingly.

IFor staining purposes, 1 per eent solutions were used as pre-
viously, but only the staining in the Zichl-Neelsen formula, tollowed
by washing in 1 per ecent HCL in 70 per cent aleohol, is reported here.
Fixeerpts from more than 9,600 readings, recorded in Table 8, are
reasonably representative of the group. In addition to the 8 myco-
bacteria reported, 5 others were studied, viz.,, another avian strain
and 4 nonpathogens. No significant information would be added by
imeclusion of the results with these mieroorganisms.

Many variations, of minor or moderate degree, were observed
among the different species studied. M. fortwitum stands forth, from
its staining by some acid dyes, as evidently significantly different in
its reactions. Acid-fastness of mycobacteria is not uniform for species
egrown under the same conditions, and no owne organism hehaves
consistently throughout the dye speetrum,

Adsorption by a group of 30 basic and acid dyes with basie groups
was determined, comparing that by H3TR, with those by M. fortuitum.
M. smegmatis, M. bovis, and M. avium. These revealed relatively
little that was new. The basie dyes were usually adsorbed equally by
all 5 organisms. Poor staining and poor adsorption, as by M. for-
tuitwm with acridine orange, harmonized, and M. smegmatis adsorbed
an occasional dye poorly, as in the case of Meldola's blue, staining
poorly also.
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DISCUSSION

fAcid-fastness is a property of the intact cell”™ [Topley and Wil-
son (*)], and is dependent upon the ionie status of the intact cell.
Because mechanical rupture of the myecobacterial cell is followed im-
mediately by loss of acid-fastness, this property cannot derive from
any chemical substance in any part of the cell. Fvidently an ionie
equilibrium within the bacterial cell is essential for adsorption and
retention of dye. The intact cell wall is necessary for preservation of
this equilibrium.

Penetration of dye into the hacterial cell also may depend upon
this equilibrium, which is sensitive to the biologie integrity of the cell.
Inadequately stained mycobacteria show uneven staining, rather than
diffuse even coloration, a fact suggesting that the ionie status is not
equal in all parts of the mycobacterial eell, and probably not a surface
factor.

The adsorption of basically ionized substances by mycobacteria
explains the progressive acidity of cultures of myveobacteria. In addi-
tion, the necessity of anionie dissociation by effective chemotherapeutic
acents is emphasized.

SUMMARY

Dyes are adsorbed to the surfaces of mycobacteria according to
the anionie components of the auxochrome groups of the dyes. Basie
dyes are uniformly adsorbed. Aecid dyes are not adsorbed. Aecid
dyes with basie auxochromes are adsorbed, especially in higher dilu-
tions, but are not fast to acid. Basie dves are fast to water, alcohol,
and acids. Adsorption takes place rapidly, reaching a maximum in
one hour, waning thereafter. Some differences are observed among
mycobacterial speeies both in adsorption and staining. The chemieal
nature of the dye is not significant, exeept in the case of the hydroxy
aryl methanes, which exhibit unusual reactions. The pH is not eritical
between 3.4 and 8.2, although a few dyes are adsorbed better at one
or another extreme.

RESUMEN

Los colorantes son adsorbidos a las superficies de las micobacterias de acuerdo a los
componentes anidnicos de los grupos auxoerémicos de los colorantes. Colorantes bhisicos
son uniformemente adsorbidos, especialmente en altas diluciones, pero no son estables para
los deidos. Los colorantes bisicos son estables para el agua, aleohol v deidos. La adsoreion
toma lugar rapidamente, llegando al méximo en una hora, desapareciendo luego. Se ohser-
varon algunas diferencias entre las especies micobacterianas tanto en la adsorcion como ey
la coloracion. La naturaleza quimica del colorante no es signifieativa, exceepto en ¢l caso
de los hidroxil-aril-metanos, los cnales exhiben reaceiones inusuales. El pH no es eritieo
entre 3.4 y 8.2, aunque unos pocos colorantes se adsorben mejor en uno n otro de los
extremos,

RESUME

Les colorants sont adsorbés par la surfaee des myeobactéries en fonetion des consti-
tuants anioniques de leurs groupements auxochromes, Les colorants basiques sont uni-
formément adsorbés. Les colorants acidees ne le sont pas. Les colorants acides dotés
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d'auxochromes basigues sont adsorbés, particulitrement anx dilntions les plus élevées,
mais ne sont pas acido-résistants.  L'adsorption a Lieu rapidement, atteignant son maxi-
mum en une heare, et disparait progressivement ensuite. Kn ee qui coneerne 'adsorption
et ln capacité i étre colorées, certaines différences s'observent entre diverses éspéces de
mycobaetéries, La nature chimique du colorant n'importe guére, saut dans le eas des
méthanes hydroxy-arvles, qui témoignent de réactions inhabituelles, Entre les valeurs de
3.4 2 82, le pH ne constitue pas un facteur eritigue, quoique eertaing colorants soient
adsorbés davantage & 'un on Pautre extréme de eette marge de variation.

Acknowledgement—We ave indebted to Rita M. Sanchez, Mierobiologist, for mueh

technieal aid.
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