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Summary.- Iselated symbionts af the lichen Cladomia crista-
telfa were grawn in the presence of btwoe contentrabicns af
the hormones TAR and kipetin [ 0.1 mgf1 and 1.0 mgtl of
#ach 1. Each concentration of hormong wes used separately
and inm combination. Cpntrols were grown without hormones.
hlgal growth was stimulated and fungal arowth dnhibited at
a.1 mgf1l TAA while at 1.0 mgsl TAA algel growth was nat
significantly affected but fumgal growth was imhibited., Ki-
netin moderated the Ainhibitory action of [AA on  fungal
growth. & combination of 0.1 mg/]l I&A and 0.1 mgfl kimetin
altered fungal morphology and physiology and resulted in an
increase in aplamospore formation, clumped grawth form and
gelatinous sheath fFormation.

Hormone treatmentz identical te those used on the
symbionts were uvied during 1ichen synthesis, Kinetin at a
concentration of 0.1 wgfl and in combinatian with 1.0 mgsl
44 stimulated Lhe development of synthetic squamulaes, juve-
nile podetia, and apathecia.

Pessible sources of hormones within the Tichen
symbiosis are discussed and a hypothesis of hormanal regula-
tian of lichen development is5 proposed.

key words: auxin, Cladonfa cristatella, cytokinin, IAA, kij-
netin, Treboudia erici,

Intraduction.

The rale of plant hormones in mutualistic associa-
tions has beenm of interest to inwvestigstors who wish To un-
derstand the comtrol mechanisms which regulate interactions
beiween symbionts, Most of the attention in this respect has
focused on auxin and cytokinins. Fellowing i% & rewiew of
our curvent Epowledge of hormopes in some symbiotbtic systems,
1, Auwin.- Mycorrhizae produce auxin { Harley, 1921: Slan-
kis, 1973; Harley and Smith, 1983; Jack'san and Wason, 1964 |
the function of which is not cliear. Slankis {1973) proposed
that auxin may stimulate mycorrhizal infection as well as
growth a developmant of the host, and alter variouws phy-
siological and biochemical processes §n mycorrhizal roots,



He suggested that, while auxin precursors are genarally pro-
duced by the host, under certaln nutritional conditions the-
5B precursors may originate Tram the fungus. Growth substan-
ces derived from the fungus may be involved imn the develop-
nent of mycorrhizal structures and gibbereliins, kinins, and
duxins may arise from ectomycorrhizal fungi under certain
canditions ( Harley, 1%71 ], Jackson and Mason {1984} sug-
gest that rizosphere 2071 organisms such as Azatobacter and
Psoudomonas stiamwlate mycorrhizal formation by producing
auxin.

Roct nodules of legumes which contain the nitro-
gen-fixing bacterium Rhizobium have higher levels af auxin
than wninfected roots [ Chen, 193B; Fortin and Thibault,
1872; kefford et al., 1980, Slankis, 1973; Thimann, 1934,
1952 1. Kefford et al, [1960) determined that nodule bacta-
ria used tryptophan, exvded by legume roots, to produce au-
kin and S5tanmkis {1973) reported that suxin could irduce no-
dules on legumé roats. Several plant pathogens appear to
gxgrt their influence by means of plant hormones. Yerticil-
lium albo-atrum, & fungus which infect:s tomatpes, and Ta-
phrina deformans and T. cerasi, fungal pathogens of fruit
tiregs, chule increased levels of auzin in infected tissues
{ Letham, 18978 ), Agrobacterium tumefaciens, the causal
agent of crown gall disease, transfers some of 1ts DH& [ T-
-DHA ) to the host cells, Gemes on the T-DHA cede Ffor the
synthesis of plant hormones such as auxin and cytokinins
which stimulate the plant cells to form a tumgr-like growth
{ Chiltom &t al., 1977 }.

dOnly a few ressvarchers have studied hormonal rgla-
tionships in lichena. Zehnder {1549} fested the effect af
auxin on three genera of lichen algae, 1.e. Chloralls, Cac-
comyxa, and Trebouxia { = Cystococcus } and found that, fn
general, low concentrations of the hormone stimulated growth
while higher concentrations inhibited growth. Similar studi-
es on Tichen fungl gave mixed results depending on the spa-

cies.,
DMBengdetto and Furnari [19E2) found Ehat auxin
increased the growth of two algae, 1.e. Trebouxia albules-



found in the free-living state. Giles (1970) feund that both
red light and IAAR stimulate the productieon of aplanospores
im MMquid cultures af the Tichen phycobiont Trebouxia eried.
Although aplancsipares are the only means of reproduction of
the siga within the Yichen thallus, zuu'gpnreg are mormally
found in liguid cultures. &iles concluded that aplanospore
formatien 1s stimulated when factors tending to raise the
cancentratian of IAA within algal cells are present.

Fortin and Thibault [1%72), who searched for auxin
in Cladonia alpestris, stressed that lichens should be stu-
digd wsing methoeds of comparative phystolesy since the Ffor- .
matian and maintenance of & sysbiotic equilibrium may be =i-
nilay in different systems, These investipators grew three
Tchen mycobfonts in axenic culture, with and without tryp-
tophan. In the media with tryptophan a1l of the mycobionts
producted auxin while suxin was not produced in media without
Lryptophen. In additfan, they found auxin in the npatural
Ehallus of the Tichen and concluded that the algae produce
tryptophan which is transformed into auxin by the fungus.
Fartin and Thibault hypothesized that the principal rale of
auxin im Tichens 15 either te contral glyeelysis in the al-
Jqae, as% 1t does 10 tobacco callus Eissue i Ekn:lug and Robin-
san, 1350 b, wr ta increase thea permeability of the algal
cell mgmbrane { Glasziouw et ol., 1960 ], )

2. Cytokinins.- Several researchers have considered the role
af cytokinins in mycorrhizal fungi. Laltouwe and Hall {1%73)
noted that the symbiotic fungus Rhizopogon roseclus excreted
several natural cytokimins im axenic cultwre. These workers
thought that the cytokinins represented a means of commueni-
catian betwaen the fungus and its host, which would explain
the growth stimulating properties of the fungus., The produc-
tion and release of cytokinins by many symbiotic fungt has
been reported § Slakin, 1973 Letham, 1978; Hargan, 194 ).
Letham [1%78} suggested that infectlons by symbietie Fungi
could result in mutwally bDeneficial associstiont: due Lo cy-
tokinin production. The cytokimimn-induced wobilizatien of
nutrients ta the 1nfection s1te would benefit the fungus
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condary infections, According to lLethsm, cytekinins increase
plant resistance to secondary infaction im cucumber plants
infected with powdery mildew and in wheat infected with rust
fungus, Further evidénce of the abflity of cyEokining to af-
fect host resistanmce by stimulating phenol production was
shown by the decreased resistance of tomakto plants infacted
with the root nematode Meloidogyne incognita. The mematode
caused increased eytokinin levels in the host roots but re-
duced levels 1n the rest of the plant.

Interestingly, licheéns, which are exceptianally
leng-lived, produce large auounts of phepalic compounds but

their symbionts when cultured separately generally do not
[ Culberson and Ahradiian, 1%30%F.

Legume roat modules cawsed by Rhizoblum contain
high Tevels of eytokinin as well as other hormones | Letham,
'I'EII?B }. The bpcteria cen alse produce cytekinin §n vitra
{ Phitlips and Torrey, 1970 ). Eefford ot al., (1960] sugges-
ted that nodules result from the diwision of root caells
which begins when the [AA contained im rhizobial infection
threads interacts with an optimal concentration of cytokinia
in the host cells. Letham (1978) observed that cytokinin
alone could ipduce polyploidy.

Az with auxin, cy¥tokinins are involwed in a nunber
of pathogenic asociations. Tissues from crown galls caused
by A. tumefaciens centain large guantities of cytakinins
[ Horgan, 1984 ). Swaminathan and Bock {1977] reparted that
LtANA from A. tumefaciens and PFseudomomas aeruginosa contai-
ned ¢ytakinin wWwhich ¢losely rezembled a plamt type hormome
rather than the expected bacterial type. %ince cther plamt
pathogens such a5 Lorynebacterium fFascians, the cawvsal agenmt
of "witches broom”, and Rhizopogon roseolus afso contain
plant type cytokinins {Swaminathan et al., 1977 ), it is
passible that in earlier times there was a transfer of gene-
Eic meterial between a plant host and 1ts assaociated hbacte-
Tia, Dther pathogenie argantisms which proeduce cytokipims in-
clude the rusts Llrurl_'r:uf_p_ljuhtnii apd U. fabae, o powdary
mildew, Erysiphe graminus and certaln Verticillium fungi
{ Letham, 1978; Bearder, 1980, 5lankfs, 1973; Horgen, F9H4,




Thore has been much speculation &5 to whether or
net cytakining produced by plant pethogens are invalved in
the physiolegy of the infection. Until moere 13 Enown about
the bigchemical comtrol of plant cell division, senescepcs
and directed transport, such guestions will remain unanswe-
red [ HMoergan, 1984 )

The purpose of our research wes Eo determine how
#xogenous plant hormones affected the development of lichen
thalli, The presance of hormones fn natural lichens and RmoP-
penal involvement in ather symbiotic systems suggested that
hormores may alse have a role in the lichen symbiosis.

Material and Methods.

1. Cultures.- Axenic, clonal cultures of Trebouxia erici and
of the dycobiont uf Cladonia cristatella were obtained from
the collection of lichen symhionts at Clark University.

2. MWedin.- The algn was grown anm Bold's Basal Medium with 3%
HakD3 [BBEM3K]) [ Deason and Bold, 1960 ). Liguid medium was
usad ip the wield and vate experiments. For synthesis expe-
riments the alga was takenm from agar slants. The fingus was
grawn in Tigquid L1111y a&nd Barnett mediun ( Li1ly and Barnett
1951 ) far the wiald and grewth experiments and din Tiguid
malt-yeast eatract medium § Abmadjian, 1967 ) for the syn-
thesis exporiments.

i. Hormones.- Ipdole-3-acetic acid [IRA} and B-furfurylaminn
purine | l:'i-rlr.l‘.in ) were ohtaingd fram the U.%. Bipchemical
Corporation. Sterile water was used in 2ll aof the stock so-
lutions and all hormones were Stérilized ot the time of ap-
piticatian hy delivery through Gelman Acrodisc disposable
filter assembiies [ pore 21ze 0.2 ym } on & ml YTock tip dis-

posable syringes.

4, Inpeulation of yield and rate cxzporiments,- Two week old
cultures of T, erici grown om agar slants were added to 150
ml distilled watear in a blender and mizgd at high speed for
10 & in arder te make uniform suspensions, Six week old cul-

tures of the mycobiont grown in Tiguid malt-yeast extract



f. ¥ield experiments.- For esch experimental procedure, 47
ml of the appropiate medium, 1 ml of the reguired steck hop-
mone solutienis) and 1 nl of algal or fungal suspension were
added o 128 wml Evlenmeyer flasks. Sterile technigue was u-
sed throwghout these procedures. In order Lo standardize di-
lution, & m] of distilled water was added to the flasks re-
celvlng only one hoermone. Both 1.0 wg/1 and 0.7 mgsl con-
coptrations 6F each hormone ware used alone amd In alle pas-
Sihie combinations [ see Table 1 ). Each treatment was ri-
plicated five times. Flasks were plugged with Foem stcppers,
sealed with aluminium fofl, and fncubated at 18-20°C For se-
ven weeks. Light for the algae was supplied by flusrescent

tubes equivalent te 3,200 fux, During incubation, all flasks
wer# rotated randomly sbout the incubator shelf in order to
minimite differences cawsed by flaskz position, Algal growth
was removed from the flasks | repeated scraping amd rinsing
were necassary in order to dizslodge material adhering ta the
flask wallzs and bases | and centrifuged for 158 min at
3,015 g to form & leose pellet, Filtretion, wsing o sucktion
Ff1l1tration apparatus, was through 0.45 gm pore size Millipo-
r& membrane Filters. The filter discs with the algas wera
|.:|'IM:E|! in tared petri dishes and dried in an awven for 1 h at
BEGQ*C before weighing. Fungal ¢ultures, which did not have to
ba centrifuged bacauwse of their normal clumped growth form,
ware filtered using 1.2 ym pore size Millipore membrane fi1-
ters. The filter dizcs with the fungi were dried and welghed
gy for the algae. Two-way snalyses of variance were condpe-
ted on Ehe dry weight data, with & criterion for significam-
ce of p <« .05,

6. Ralte experiments.- Flasks were prepared as for the yield
experiments except that & total of 10 flasks was used for
gach treatment and for the controls. Treatments wuied fFor
the algae were 0.1 mgsl TAR and 0.1 mgfl kinetin combined
and 0.1 mgfl LAA alome. For the fumgl & combimation of @O.1]
mgSl ITAA amd 0.0 mgfl kimetin was wsed. Helght determina-
tions, using twoe Tlasks each for the treatments and controls
were made every sSeven deys far the algas and every three




Table 1, Experimental desing for hormone treatments used in
yield and synthesis experiments. Symbionts were
treateduith TR and Einetin im the concentrations
shown, Each treatment was veﬁ11tated £ times. Hor-
mone treatment are pxpressed in mgsl with the con-
ceptrations of TAA expressed by the first figura
and the concentrations of kKinetin by the second.
Where 070 eppears treatment consisted only of ste-
rile distilled water,

Concentration LAA ﬂnnrentruézan kinetin

mg/i Hona f.1 1.0

Nane aso 0sda a;0.7

lcentrols)

0.1 g.1/0 [ I a, 150,

1.0 1.0/0 P.0/0.1 1.847.0

Table 2. Z-way analysis of yariance for algal yxield { fram
[BHBR7D 1982 ). df = degree of freedom; 55 = sum af
squares; M5 = mean Lquare.

Saures daf 55 M5 F P

TAA 2 0,0004 O.0ang 6.6% < 0.01

Kinetin 2 0.0008 ©.00D3 11.682 =0,001

TR, « Einetin 4 0.0003  ©.poo 2.86 = 0,05

Errar 16 0.aa1d o.ooon

Total

44  0.0023




hpur sgach time in order to minimize error, Methods for fil-
tering, drying, and wWelghing were the same as those 1n yield
experiments. Results weére analyied stabtistically uwsing the
Sokal and Rohlf [1987) test for differences among regression
coefFiclents. Morphologicel abservations were made on the
aloar ard fungi during the experinent 1n order to determine
if hormeme treatments affected the growth farm,

7. Synthesis experiments.- 5ix week old cultures af the my-

caobiont were selected. Excess malt-yeastt extract medium was
poured of f and the cultures were wasthed in distilled water.
After washing, each culture wos centrifuged ot 12,062 g for
20 min and the supernatant poured off. Each fungal pallet
was placed tn a petrd dish and excess water was blotted with
absorbent pads. Two week old cultures of the alga were scra-
ped off agar alants with & spatula and a thin layer of the
olge was spread over the flattensd fFungal mycellum. Stock
hormone salutions were diluted to the carrect concentrations
by adding to distilled water and dropped directly oata Che
algal/fungal mats through Acrodisc Filtars of pore size D2
pm attached to 5 ml syringes. Controls were trested with
d1st1iled water in the same way, Both 1.0 mg/l and @01
ngSl concentrations of @ach hormone were used alone and 0
11 possible combinations | see Table 1 ). Esch treated mat
was cut Into five roughly equal sectioms. Flasks were prepa-
red by pouring 30 m] piain agar into each and adding a thin
strip of newly cleaved mica which had been previously Soaked
in BEM3IN solution. Flasks 'were then autoclaved and cooled.
One slgal/fungal section was pressed firmly onto each mica
strip and the flasks wore plugoed with nan-absorbent cotton
and sealed with aluminium fa¥l. Flasks were incubated at 18-
=20°C and 3,230 Tux with the mica strip oriented toward the
fight source. The positions of the Flasks were changed ran-
comly., After 6, % and 15 weeks, flasks were examined wnder &
disséecting microscope to determine the stage of differentia-
tion of the cultere.

7, Thin-layer chromatography,.- TLL methods were those das-
cribed by Culberson [1972]).




hormohes on the dry welght of algae, Haxipum yipla was ob-
tained wsing 0.1 mgsl TAA which resulted in a 473 increase
sver the controls. A combination of 0.1 mg/1 I1AA with 0.1
ng/1 kinetin alsa increased yleld considerably giving a 30%
increase over controls. IAA at 1.0 mg/1 generally inhibited
grawth of the algee but the inhibition effect was nogderated
by the addition of D.1 mgsfl kinetin. Kinetin at 1.0 mg/l
inhibited growth and the inhibition was wnaltered by the ad-
dition of either 0.1 mg/1 or 1.0 mg/1 IAA. Analysis of vari-
gnce for algal yield { Table 2 )} detected significant ef-
fects for each hormone and a significant IAA x kinmetin in-

L3

teraction.

7. Yield experiments: Fungus.- Fig. 2 shows the effects of
karmanes on the dry weight of the fungus. A1l hormone treat-
nenks imhibited growth but interactive effects wWere again &=
yident, IAA at 0.1 mgf] decreased yield by 37% compared to
contrals while 0.1 mgf1 [AA combined with 0.1 mgfl kinetin
docreassed growth by ealy 7%, Thus, as with the alga, kinstin
moderated the imhibitory action of IAA., TAA at 1.0 mg/] ale-
ne or in combination with kinetin was most inhibitery to
fungal growth, reducing yield to as low as 21% of the con-
trols, Analysis of variance for fungal yield { Table 3 | de-
tected significent effects due to TAA and 1AM » kimetin im-
teraction but no significant differences due to kinetin alo-

ne.

Table 3. 2-way analysis of variance for fgnga1 yield | *“rom
EMOFTE 1982 1. df = degree of fresdom; 55 = swm of
sguares; WS = mean square.

Source df 55 HE F p
AN z o.0t&80 0,009D 126.01 = 0,00
Einetin . n.ao04 0,0002 2.62 = 0,05
IR % Einatin 4 g.0o023  0,0008 .18 = B.00%
Errar 33 0.0D24 0,0007

Total 41 0,0231
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1. Rate experiment: alga.- The results of the rate experis=
ment on the growth rate of alga are given in Fig, 3. The re-
gression coefficient [ Teble & ) are significantly heteroge-
nesus. Expmination of the sTopes and standard errors [ Table
4 ) suggests that the differences arise primarily from the
contrast betwoen de dual treatment of 0.1 mg/1 IAA with 0.1
mgs1 kinetin and the alher two treatments,

Table 4. Rate sxperiment: algae. Summary of regressians far
weight vs. time under threes treatment regimes. Data
for the dependent and 1independent variables were
transformed to natural logarithms to aschieve linea-
rity. The F statistic summarizes a test For diffe-
yences apong regression coefficients | Sakal and
Rohlf, 1981 ), S.E. = standard error of the slope;
ré = goefficient of determination. Hormone treat-
ments are expressed a& concentrationi of mgfl with
[hi& vrepresented by the first figure and Einetin by
the secand.

Hormone Lreatmaent  Slope + 8. ES r?

Of0 [ comtrals ) 1.65 0.1% 0,20

o.1/4d P51 O.1% o.a%

a,1/e.1 2. 16 .16 a,96
Fa a7 ° 3.B2, P« 0.025

==

4. Rate experiments: Fungus.- The results of the rate expe-
riments an growth rate of the fungus are given in Fig. 8. E-
sanination of the regressien coefficients and standard
errors [ Table 5 ) indicates that treatment with a combina-
tion of 0.1 mg/1 TAA and 0.1 mg/1 Kinetin resulted in o sig-
nificant increase in the growth rate of the fungus.

[ Hnrphu1ugi:n1muhservitinns.- buring the course of the ra-
te experiments, algal cells and fungal hyphae wWere auanined

r i - il LUmmmeemn Sesab g
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of the flasks, differences in growth form of the algas were
eyident., The untreated alga, i.&. controls, grew in a diffu=
s suspension of separate cells. Treatment with 0.1 mags1 [kA
cauted some of the cells to stick together Forming small
clusters and treatment with & combination of 0.1 mg/1 IAAK
and 0.1 mg/1 kinetin caused a1l of the calle to clester. The
clumping effect in the dual treptment group Was SO complets

Tahle 5, Rate experiment: fungi. Summary of regressions far
waight ws. time pnder two treatment regimes. fnta
for the depandent and independent wartables were
transForned to natural Togarithms to achieve limea- .
¢ity, The F statistic summarizes & test for diffe-
vences among regression coefficients | Sokal and
Rohl1f, 1987 }. S.E. = standatd error of the slope;
r% . coefficient of determination, Hormane treat-
ments are exprested as concentrations of mg/l with
IAA represented by the first figure and kinetin by
tha second.

Hormone treatment Slope + 5.E. ré

/0 [ controls ) 2.05 a.1% .54

1 ETd f.20 0.%26
F e T7E, Pe0.0b

12148

tnat after 5 weeks the medium appeared clear with Lhe algae
forming shest=Tike mats of attached cells. In coentrast, me-
dia of the control flasks sppeared pale green due to the u-
niform suspensian of single algal cells. MWicrescopic exami-
nation of the algal cells showed extensive mucilage coals
around those treated with hormones with the widast coaks
Ffound in the dual treatment flasks. In additian, aplanospore
production in all treatment flasks was high while mastly 2o-

ospores were produced in the control Flasks. Mo obserwable
I EFEsamens temmn. mmeesnnk hotwssn tha bepated funal and con-
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T. Synthesis experiment.-

al Five week old cultures.- Seme wvariation could be sean
betwesn the different treatment grouwps ( Table 6 ). The
highest degree of differentiatfon occurred in the synthetis
cultures treated with 1.0 mgd1 xinetin amd in those Ereated
Wwith a combination of 1.0 mg/l 1AA and 1.0 mg/l kinetin. Mo-
re than 50% of the fungal/falgal mat surfaces wWere covered
with presguamules showing the characteristic gray-greem co-
Tor typical of C. cristatella, 411 the other dual Ereatments
resulted in presquanule fermation in some of the Flasks in
gach group. but approximately 25% only of the fungalfalgal
mat surface wasz involved. Control flasks and those given
single treatments of 0.1 ngs/1 18A, 1.0 mg/1 TAR a&nd 0.1 mg#l
kinetin showed some presquamule development in Soma of the
flasks, bt differentiation was at an extremely lTow level.

Table &. Presguamula formation by S-week-0ld cultures of
synthetic €. crizstatelia. Cultures were axanined
under a dissecting micrascope ond an estimate af
surface area involwvement was made. Hormone Ereat-
ments are expressed as mg/l with LAA represented by
the first figure and kinetin by the second. 5 re-
plications were made for each Lreatment.

[

Harmona treatmant # with presguenules Est. area
involwved
g | controls ) i << 25%
Q.14 3 << PE%
1,040 i << 25%
040, 2  25%
0/1.0 5 = 0%
o.1/0.1 b w 253
1.041.0 5 > 50%
a.141.D 4 £5-50%
1.0/6.7 | 25-50%

=
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tiarfon with well developed sgquamultes and Juvenile pedetia
and spathecia. A1l dum! hormone Ersatments alss produced
good development of Tich- 2ed stroctures in st Tesst some
of the flasks for each tr: tment growp. Tha remaining Four
groups, 1.e., contrals, © mg/1 kimetin, 1,0 mgsl [ARA and
o.! mg/l 1AR all showed 11 -le differantiation [ Table T 1.

Table 7. Morphological charicteristics S-week-old cultures
of synthetic C. crisiatells. Hormone treatments are
piprosied as mgf] with [AA represented by the First
figure and kinetin by the second. Figures in calemn
rapresent the nember, out a total of 5, showing the
characteristics noted. con. = contaminated; pre. =
presquanuies; sg. = squanules; pod, = podetia; apo,
=apathecia.

e

Harmone treatment con, pre, pod . A pa

L]
=
a

=

00 [contrels |
o.l/o

1.0/0

KPR |

051.0

B.140.7

1.01.0

a.1/1.0

1.0/0G.1

=R R R S
t Lh uth ol W o g o M
& mowe ogmogn O oW D
T T T e - o |
B N UM R oin S = —

c) Fifteen week old ¢cultyres_ - The results of our observa-
tions after 15 weeks are shown in Table B, Development of
licherns in the dual treatment flasks and 0 the 1.0 mpst ki-
netin treatment group was generalily very advanced. The sgua-
mules in these cultures resembied thete of the natural Ti-
chen, i.e., they werg attached by ane end te the substrate
and were generally eract. with a uniform gray-green colorv.
Juvenile podetia and apothecia were present, the Tatter




thair surface had a marbled appesarance due probakly to ar
incomplete cortical layer,

Table B, Morphemetric characteristics of matural amd 15-
-wpak-old synthetic C. cristatella. Hormone treat-
ments are expressed as mg/l with LAA represented by
the first figure and kinetin by the secand. Where
a0 appears treatment consisted enly of sterile
distillied water. A1l meesurements ware taken from &
cultures for each treatment and For natural and
controls. con. = number contaminated; sgq. = number
with erect, folipse, lebed sguamulbes; sg. sE. = a-
verage stze sguamules 1n mi { approzimetely 10 mea-
surenents per culture }; pod, = average number po-
detia; hi. poed. = average height podetia in nmm;
apB. %%, = average siZe apothecia in om.

Harmane con. 4. 5. sz. pod. bt pod. apa. 5I.

treatment

Rane = ] 1.3 10.2 2.1 0.9

{ natural }

oo 1 1 b.14  12.a 0.a4 0.1&

fcontrols)

a.1/n 4 3 0,34 9.4 0,ae 0,24

1.450 ] q 0.76 8.5 0,76 0,30

i | 5 1 0. 20 3.4 6.8 0.14

a0 a ) 0.56 14.2 0. 90 b.42

0.0/ a1 a 1 o.4a4 27,0 0.74 o286

1.0f1.0 a g oo ra 11.4 b.E4 o4z

o,141.0 1 5 g.60 17.4 o.74 o.a4

1.0/0.1 1] it .58 1E.4 0. 83 .28

Single classification analyses of wariance wera
parformed on sguamule size | Fig. 5 1}, apothecium size

[ Flg. 6 1, podetium number [ Fig. ¥ ) and podetium hetfght.

bata from the natural lTichen wes included only im the analy-
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Fig. 7. 95% comparison fdntervals by the T-method for the
means of podetium mumber data calculated according
to methods in Sokal and Rehlf [1%81), Means whose
intervals do not overlap aqre significantly diffe-
rent. Treatments = mg/1 concentrations of [AA and
Eimatin.

11 that diffearences due to treatment alone would have been
obscured.

Sguamule size fncreased significantly { F = 4,58,
po<0.91 1 in 1dichen:s Ereated with a combinatiom of 1.0 mgsl
[48 with 1.0 mg/1 kinetis and with & combination of 0.1 mgsl
184 with 1.0 mg/1 kinetin., Apathecium diameter dncreased
significantly { F = 4.26, p <0.01 ) 1n lichens treated with
a combinatian af &.1 mg/l [AA with 1.0 mg/l kinetin.  Fode-
tium number fncreased significantly { F = 4.8h, p < 0.01 ]
in lighens treated with a combination of 0.1 mgsl [AA with
0.1 mg#l kinetin, No significant differsnceés | F - 136,

p =0.0% % were detected in podetium height. ATl comparlsons
were made to contrel.

A. Thin laver chromatoaoranphv,.- usnic acid was not detected
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bDiscussian,

While aur study has not proven the existence of
hormonés 1pn Yichems, it has, by denpnstrating the effects of
two hormones on the development of a synthetic Vichem amd on
its symbionts, sugoested pessibie roles for hermanes within
the lichen symhimsis.

Symbiotic systems, in order to be successful and
to nllaw the partmers to ceexist, need to maintain a delica-
te halance between exploitation and destructien. Any Tlong-
=14ved association such as l1tchens, some of which have esii=
mated apes of up tn 1000 and 4500 years [ Ahmadjian, 1967 ),
aust hawe evolved mechamisms Te  nsure their survival. HNet-
ther partner in o lichen bene<*:s from rapid uncontrolled
growth simce this leads to ave-g-awih of one pariner by the
gther amd loss of the lichen jsam ' t. Similarly, inhibitjom of
pne partner 1n favor of the othe- leads to a loss of the 14-
chen hakit. Since lichems cam withitand conditions that
would be lethal to either paruine  alone, long term survival
depends on the symbionts mot re ponding ndividually to-lo-
cal conditipns,

Several investtgators have speculated on the pre-
spnee of some regulatary process 1m lichems, Abmad]ian and
Jacpbs (31883] viewed lichens &% a system of "controlled pa-
rasitism”. Leonian [133&} Ffelt that the algser proeduced
"growth and reproduction-inducing® substances important 1n
controlling the lichen associations and Giles (1970} postu-
lated the existence af a systen regulating growth of the

symbionkts of lichens.
Paarson § 19707 felt that all of the contral neces-

gary to maintain the lichen habit, J.e. supression of each
partner from time in erder to prevent it from overgrowing
and destroying the othe' partner and thus itself, could come
from dally Fluctuvat-ons: “n cllmate alene. He devised a set
of experiments varying Tight, temperature and humidity and
correlated the different conditions with changes fin morpho-
lagical appearsnce and physiological behavior of the lichen.
Unfartunately, Pearson conducted his studies on nmatural 14-
chens aathered from different sreas over a period of several
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months. The differences he observed, therefore, could have
due to the presence of bacteris or other centamimant orga-
nisms in the lichen. Additionally, since the fungal amd al-
gal parimners in natural lichens presumably are nat clonal,
his environmental regimes could have selected for differeant
strains and the lichen at the end of his experiments might
ave been genetically different from the originai specimens.
To date, there is no evidence that 1ichen associations are
maintained by envivormental comditions alane.

The results af our resaarch have shown that the
phytohormones IAA and kinetin affect the growth and merpho-
legy of the fungal and algal partmer: of the lichen £. cris-
tatella and also affect the success of MMehen synthesis. The
effects depend aon the concentration of hordones wsed and
whether the hormanes are used alone or in combination. Im
general, the yield experiments showsd that high concentra-
tions of hermones inhibited while low conceéntratiors stimu-
lated algal grosmth. This agrees with results Ffrom several
ather researchers who studied the effects of hormones on a
variety of algal, fungal, and plant species, e.g. Zehner
{19491, Xefford and Goldacre {19613, Slankis (1973}, Aren-
darehuk {1%74) and Provasoli amd Carlucci (1574},

interactive effects of hormones also were discove-
red during the course of the yield experiment. We found that
the addition of kKinetin ta slther algal or Fumgal cultures
growing in normally inhikitery levels of [AA Ted to a reduc-
tion of the inhibition. Skeog and Miller (1957] found the
same results during their work with tobacco callus and con-
cluded that such interactions represented a mechaniss. for
the regulation of all types of growth from cell enlargemant
ta argan formation. The significance of this possible regu-
latary mechanism in lichens could be considarable.

The most striking result From our - studies an Ti-
chen symbionts was the effect of hormone treatments om algal
growth habit. During the yield expériment we noticed that in
some flasks the algas appeared to be clumped rhater than
dispersed in the medius, Since this pocbrred oaly ina small

ravreantama nf the trfal pemhar of flacks. we asqumed it to



chargctertstics net present im the controls were foumd 9n
the treatmant groups: I'r'igh nplannspnre proaduction, ¢lumped
sheet-Tike growth form, and o hedvy gelatinous matrix around
the algal cells., High aplancspore production agrees with the
results of Giles [1974). Aplansspores, unlike zoosperes, do
nol disperze, asn abyious advaniage im 4 Tichen thallus where
an intact algal Toayer results im maximum photosynthesis and
possibly more efficient putvient exchange.

The presence of mucilage around the hormone Eres-
tad atgal cells has stgrmificance to algal rFeceptivity ta 11-
chen fungi. Ahmadiian and Jacobs {1933) stated that the ga-
latinous matrix arcund algal cells appeared to bind fungal
hyphae 1m early ipteractions between the symbients. Possi-
bly, the nere =itensive the matriz the easier It would be
for the furgus to maintain physical contact prier to actual
lichenization. The heavy mucilage coat alse may bind alkgal
cells together, which would sxplain the clunped growth saen
in our treatment flasks, Numerous aplanospores would further
epcourage clumping =ince they tao would be held withim  Lhe
mutflage layers. In this eérseriment. hormone treatment mi-
micked the effects of §ichenization since algal growbth and
porphology wore more I;._','p!:‘.'.ﬂ of the kind found within Lthe
lichen thallus than that found generally im Tiguid media
cultures.

The mast surprising result of this study was the
h'il;h degreu gf differontiation found in many af the treated
synthetic lichen cuwltures. Synthetic Tichens which were
treated with copbinations of hormones ware strikingly simi-
Tar to natwral llchens with respect to sguamule morphology
and the production af podetta and Juvenile apothecia. (One
difference, however, wias the lack of usnlc acid in the sy¥n-
thetic Tichens, 8 Finding comsizstent with the earlier ones
[ Culberson et al., 1983 ).

The grigin of hormones inside Che thallus 15 mot
known, Thare are several possibilities, e.g. hermanés may Oe
produced by the alga, the fungus, or by Bacteria within the
thallus, With regard te auxinm, %t s possible that the alga
produces tryptophan which fungus conyerts 1nto auxim,



o, inhikition of fungal growitn; c. stimulation or inhibition
of altgal grawth; d, stimulatiom af the algae te produce an
gxtracellular matrix; €. fincreased permeability aof a'l.g.h'l
cellis; f. stimulation of aplancspore formatfion.

It 15 pessible that cytokinins also cowld affect
natural Tichens in a number of ways, e.g9. 3. enhancemant of
chilgroplast development; o. regulation of nutrient transio-
cation; ¢. Teduction of the inhibitery effect af auxin;g 4.
stimulation of algal division; e, delay of algal Senescence.

The amswer ta the gquestion regarding control ma-
chanisms in lichens 4% complex. Lichens are ancient syn=
hipsis and we feel that they may have evolvwad a complex set
of adaptations. Fraem & purely hypothetical paint of wiew,
lichens may have priginated from pethogenic associatioms in
which fungi and bacteris parasitized and kilied algel cells.
The chance production of auxin by some pathogens wauld give
them an adwanmtage over others since the auxin would weaken
the algal cell wall and mobilize nutrients to Lthe ares of
cortact between parasite and hest. This would make . the ex-
ploitation of the food sowrce faster and more efficient. Cy-
tokinins, alse produced by the pathogens, would stimulate
chloroplast development, increase the 1ife span of the algae
and protect the algee from further infection by promaoting
the synthesis of phenaolic compounds, f.e. *1ichen acids".
Thus, the pathogens would be simultaneously emhancing., main-
tatning, and protecting their food sowurce, However, before
the fungus and bacteria could take full advantage of this
potentialliy limitiess food source, the parasitic nature of
the associntion would mave to be controlled. Somebthipg was
necessary to prevent the pathogens from killing the algae
and here the dual Interactive nature of the hormones would
comp into effect. Auxinm, produced by both algae and bacteria
could imhibilt fungal development perhaps by limiting the
number of haustoria pensetrating each algal cell, The presen-
ce of cytokinins would keep the inkibition wnder contvel so
that the fungal growth was not completely prevented. We feel
that it is the ability of the algae to resist fungal attacks
that feads to the Vichen habit.



tion for tie failure of synthetic lichers ta develop into
fully Functional counterparts of natural lichens. Early im-
teractions betwean symbionts in synthesis experiments seen
relptively normal with the fungus and the slge responding to
each other by first forming presquanules and theén sguamules.
After this fnitisl algal-fungal encounter, however, conside-
rablTe differantiation h&s to occur, such as the formatien of
s complex thallus with fruits and often asexual propagules.
1t is at this stage of development that we Feel the absence
of bacteria might he signiffcant. Reseerch has shown Ehat
whan Rormones are used to mimlc the effects of symbiosis im
n single symbipnt, for example, in plomts forming mycorrhi-
zal roots, the hormones must be present continuously in or-
der to maintain the affects, In synthetic lichens, kinetin
would initially be present from the residue of the malt-
-yeast sxtract medium in which the mycebiont 5 grown. Eine-
tin would most Tikely be depleted after sewveral weeks and
the requirement fer the hormone would 5111l be present. We
helieve that bacteris play a role in the production of hor-
mones in 1ichen thalli and their absesce in synthetic 11-
chens would explain why the latter do pot develop te maturi-
ty in maentc cultures,

Our research has shown that the regulation af and
by 1ichen symbionts through hormone action 1s @ reasonabie
hypothesis. Giles [1970) stated that the “morphclogy of 1i-
chen thallus 45 maintained by the balance helween the growth
rates #f Lthe twe partners and any factar influencing the
growth rate of either partner most be responded to by other
in order to maintain the Jichen habit". Thus, fer the details
of this complex system of copmunication remain unkpown. [F,
a2 our results suggest, the rate of lichenizatian and/or the
morphalogy of Tichens can be altered by varying hormones and
thelr concentrations, we may be closer to understanding the
nechanisms which parmit tre formation and maintenance of tha
symbiotic equilibrium in Tichens and perhaps, by analogy. in
other s'ljrnb1-:|t1-: systems.
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