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Actinoplanes teichomyceticus represents a group of sporangia-forming Actinobacte-
ria from Micromonosporaceae family and is the only known natural producer of industrially
important drug teicoplanin. 4. teichomyceticus has unique pattern of development, likely
involving regulatory mechanisms different from described in streptomycetes, which also fall
into the phylum Actinobacteria. Investigation of these regulatory mechanisms will likely
shed light on sporangia formation and even give the clues about increasing secondary me-
tabolite production levels in Micromonosporaceae species. To date only limited information
that describes morphology and the life cycle of 4. teichomyceticus is available. In current
paper we made a detailed study of certain traits of 4. feichomyceticus morphology by means
of scanning electron microscopy and using tools of bioinformatics and molecular genetics.
We managed to observe and describe stages of the A. teichomyceticus life cycle while grow-
ing on different solid media. Development of 4. teichomyceticus on the solid media starts
with the germination of spores and growth of the substrate mycelium. We observed that
after two days of growth on the surface of substrate mycelium aerial mycelium appears. It is
known that in streptomycetes the germination of aerial hyphae is facilitated by the SapB-sur-
factant; A. teichomyceticus has genetic potential to synthesize the SapB-like surfactant as
well. We managed to show that correspondent genes are expressed under sporulating condi-
tions and silent under non-sporulating conditions. Further aerial hyphae grow and sporangial
primordia appear on their ends. Primordia develop into mature sporangia with diameter of
more than 20 um. Wetting of the mature sporangia results in spore release. Motility of the
spores is most probably achieved with involvement of a FliC flagellin. Thus, in current
paper we have been able to describe the complete lifecycle of Micromonosporaceae family
representative A. teichomyceticus for the first time.
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Actinoplanes teichomyceticus is a natural producer of pharmaceutically valuable glyco-
peptide antibiotic teicoplanin [13]. Like other glycopeptides, teicoplanin targets peptidoglycan
synthesis in Gram-positive bacteria, particularly binding to the acyl-D-alanyl-D-alanine. Howe-
ver, number of distinctive features including effectiveness (teicoplanin is shown to be more effec-
tive and less toxic than vancomycin due to unique pattern of glycosylation and carboxylation) [3],
lack of industrial strains with significant production level, biosynthesis specifics, etc. permanent-
ly holds this drug in the spotlight. Besides being a producer of such important antibiotic, 4. fei-
chomyceticus is a representative of so-called non-Streptomyces actinobacterial species and forms
motile spores inside of big globose sporangia. Characterization of the morphogenetic features in
a lifecycle of certain microbe is very important. Among Actinobacteria complex life cycles are
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well described for streptomycetes, where several development stages could be distinguished.
This includes spore germination, vegetative mycelium development followed by aerial mycelia
growth and sporulation [9]. Morphological development in other sporulating actinobacteria either
goes similarly to streptomycetes or involves different ways and largely remains obscure [5, 20].
Although the micromorphology of some Actinoplanes gen. members was already described [7,
10, 14, 17], only limited data for A. teichomyceticus is available [21]. Even more, the detailed
study of Actinoplanes gen. representatives’ gradual development was never made.

Because of major morphological differences between A. teichomyceticus and streptomy-
cetes one could expect the differences in mechanisms of morphogenesis and secondary metabo-
lism regulation in 4. teichomyceticus comparing to those currently studied for streptomycetes. It
is well known that in streptomycetes [12] and some other actinobacteria [1] the regulation of mor-
phogenesis is tightly correlated with the regulation of the secondary metabolism: both processes
occur on the same stage of the lifecycle, which starts after the end of exponential growth phase.
In fact, a set of global regulators were described to govern both onset of morphological differ-
entiation and secondary metabolism [12]. This means that one gene can positively or negatively
regulate sporulation and secondary metabolite production; overexpression or knockout of such
global regulator will affect both morphogenesis and secondary metabolite production. Therefore,
investigation of the global regulatory mechanisms in valuable compound producers is justified
due to the expectable emergence of overproducing strains [11]. Generation of different types of
gene engineered strains altered in morphology and secondary metabolite production is a logical
consequence of such study [15]. Thus, a clear comprehension of morphogenetic processes in the
wild type strain is necessary. So, in current paper we decided to study the lifecycle of A. teicho-
myceticus NRRL-B16726 on purpose to widen our knowledge of actinobacterial development
patterns and to pave the way for further global regulatory pathways investigations in this strain.

Materials and methods

In this work we used Actinoplanes teichomyceticus NRRL-B16726 (Lv 957) strain ob-
tained from the culture collection of microorganisms-producers of antibiotics of Ivan Franko
Lviv National University. 4. teichomyceticus was grown on oatmeal agar plates (OM, g/l: oat-
meal — 34, agar— 20), soy-mannitol agar plates (SM, g/l: soybean meal — 20, mannitol — 20, agar
— 20) and HA-agar plates (HA, g/l: yeast extract — 4, malt extract — 10, glucose — 4, agar — 20)
at 30°C or in E-25 (g/l: dextrose — 25, meat extract — 4, yeast extract — 1, soybean meal — 10,
peptone — 4, NaCl — 2.5, CaCO, - 5) at 30°C, 180 rpm in case of liquid culture cultivation. All
reagents were purchased from Sigma-Aldrich (USA) except the crude oatmeal flour of Ukrainian
origin and soybean meal (Henzel, Germany). To create a vegetative cell stock ~10° spores were
inoculated in E-25 media, and then the mycelia from 3-day E-25 liquid culture was collected by
centrifugation, washed twice with sterile water and resuspended in 10% glycerol by intensive
vortexing. Vegetative cell stock was stored at -80°C. To receive sporulating lawns plates were
inoculated with 100-200 mg of vegetative stock mycelia. Biomass was evenly spread over the
surface of the plate.

In order to prepare samples for scanning electron microscopy in all estimated time points
thin slices of agar were cut from the surface of the lawn. These slices were placed on a SEM
specimen holders and undergone vacuum deposition with copper in VUP-5m (the universal post
for vacuum deposition). Specimens covered with thin-layer copper films were studied using
JEOL JSM-T220a SEM (Jeol, Japan) with 20 KV electron beam. For light microscopy analysis
sporangia were flushed from the surface of the lawn with distilled water, simple squashed drop
specimens were prepared. In order to show spore germination, a drop of OM-agar was placed on
the glass slide, then inoculated with spores, covered with cover slide and incubated overnight at
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30°C. Microscope Olympus BX60 (Olympus, USA) was used for light microscopy.

For RNA isolation strains were grown on HA or SM agar plates overlaid with cellophane
discs as described [9]. RNA was isolated according to the modified Kirby mix protocol [9].
cDNA was synthesized with Revert Aid Reverse Transcriptase (Thermo Scientific) according
to the manufacturer’s instructions. Following primers were used for amplification of intragenic
region of ramA: ram_RT F: 5°-GGGCTCTGGTGCGCCGCTAC-3’, ram_RT R: 5’-GACGC-
CGGTCGTGCCCGAG-3’. PCR reactions and horizontal agarose gel electrophoresis were per-
formed according to the standard protocols [16].

For the analysis of amino acid and nucleotide sequences BLAST (http://blast.ncbi.nlm.
nih.gov/Blast.cgi) and MUSCLE (http://www.ebi.ac.uk/Tools/msa/muscle/) tools were used.

Results and discussion

Our own previous experience indicates that 4. teichomyceticus appreciably sporulates
on soya-mannitol agar (SM). It was also shown [21] that A. teichomyceticus can sporulate on
oatmeal-agar (OM, ISP3). Thus, we used these media to cultivate 4. teichomyceticus on purpose
to study the morphogenesis.

While growing on SM or OM we observed no aerial hyphae formation during first two
days of lawn growth. Germination of aerial hyphae began only after second day of incubation.
Interestingly, aerial hyphae start to form in certain centers across the lawn as it can be observed
on Fig. 1, a.

Fig. 1. SEM photographs depicting main steps of A. teichomyceticus development on SM-agar: a),b) onset of
sporangiophorous hyphae (1) germination (second day of cultivation); ¢) growth of sporangiophorous
hyphae (1, third day of cultivation); d),e) emergence and growth of sporangial primordia (2, fourth
and fifth day of cultivation); f) appearance of mature sporangia (3, sixth day of cultivation); /) fully
developed lawn with prevailing mature sporangia (3) and some residual sporangial primordia (4,
seventh day of cultivation); i) open sporangia, the sporangial coating (4) and spores (5) could be
distinguished; g) free spores.
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It appears that early stages of aerial mycelium growth in A. teichomyceticus closely re-
semble those in Streptomyces gen. representatives. It is known that to break the tension of the
aquatic layer, cell walls of the germinating aerial hyphae in streptomycetes are decorated with a
variety of hydrophobic proteins (hydrophobins) [12]. At the beginning of germination the SapB
hydrophobin [19] plays the main role in overcoming the aquatic layer, later chaplins [4] and
rodlins [2] are getting involved in this process. Thus, it was interesting to analyze the occurrence
of genes encoding different hydrophobins in the draft sequence of A. teichomyceticus genome
(unpublished data). We discovered no traces of conserved hydrophobic domains, characteristic
for streptomycetic rodlins and chaplins. On the contrary, 4. teichomyceticus genome possesses
genetic capability to synthesize SapB-like surface-active molecule. In streptomycetes genes in-
volved in the SapB synthesis are grouped together, forming the ramCSAB cluster [8].This cluster
consists of four genes which are transcribed as one polycistronic mRNA. We found out that all
genes from ram-cluster of S. coelicolor (SCO6681-5) encode proteins that have close orthologues
in A. teichomyceticus. Remarkably, both clusters are absolutely sintenyous and identity of their
total nucleotide sequences is 62,6%. Furthermore, it appeared that all sequenced to date genomes
of Micromonosporaceae contain ram-like clusters (data not shown). In fact, presence of highly
similar ram-like clusters in such distant families as Micromonosporaceae and Streptomycetaceae
indicates antiquity and importance of these genes.

In order to elucidate the role of ramCSAB-genes in A. teichomyceticus we compared the
expression of the cluster in cells grown under sporulating (OM-agar) and non-sporulating (HA-
agar, ISP2) conditions by means of semi-quantitative RT-PCR. We observed that ram-cluster is
indeed not expressed in the cells grown on HA-agar, but expressed under sporulating conditions
(Fig. 2, b). Since there is no germination of aerial hyphae on HA-agar (and consequently no spor-
ulation) strain has no need in SapB-like surfactant synthesis. On the other hand when strain grows
under sporulating conditions there is a strong need in ramCSAB-genes expression on purpose to
facilitate the penetration of the aquatic layer by germinating aerial hyphae.

The germination of aerial hyphae is followed by sporangia emergence and maturation.
Maturation of the sporangia occurs during 4—7 days of growth, but this process runs differently on
OM and SM plates. If the culture is grown on SM-agar, maturation process goes gradually: for-
mation of the aerial hyphae, the sporangial primordia and the mature sporangia is synchronized

Fig. 2. Analysis of the ram-cluster expression under different growth conditions: @) ~260 b.p. region of ramA
amplified from the chromosomal DNA (K"), a control without template (K-) and cDNA synthesized
on a template of RNA isolated from strains grown on OM and HA media;b) respective total RNA
samples; bends corresponding to 23S and 16S rRNA could be distinguished.
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(Fig. 1). In case of OM the mature sporangia appear much earlier and during all period of growth
differently developed sporangia could be observed across the lawn (Fig. 3).

Development of sporangia is followed with a spore releasing process. In A. teichomyceti-
cus this process is initiated by simple wetting, unlike in case of Actinoplanes missouriensis where
the addition of soil-extract is required for spore release [18]. Diameter of single spore is around
1 um (Fig. 1, g), nevertheless spore seizes can slightly differ (Fig. 4, f). The steps of spore re-
lease are described on Fig. 4. Through light microscopy observations it appears that after wetting
spores are swelling and growing in size (Fig. 4, a,b) which leads to the breaking of sporangial
coating (Fig. 4, ¢), as it was hypothesized for Actinoplanes sp. 7-10 [6]. It also appears that spores
gain mobility while still being inside of sporangium. Released spores can be single or form chains
(Fig. 4, f), which means that inside sporangia spores are organized in chain-like structures. The
composition of A. teichomyceticus flagella is probably similar to such in 4. missouriensis [18].
We found only one gene encoding flagellin in 4. teichomyceticus genome. This is an orthologue
of the fliC from A. missouriensis [22]. Both FliC-proteins from 4. missouriensis and A. teichomy-
ceticus share 61,2% of sequence identity.

Released spores are actively moving and continue to swell; the diameter of the single
spore grows to 2—3 um. After 5-6 hours of active movements spores lose their mobility and ger-
mination process starts (Fig. 5, a, b, ¢). Spores geminate both in submerged culture or plated on
solid medium. After 12—16 hours of growth on the solid media developed substrate mycelia could
already be observed (Fig. 5, d, e).

Regarding all obtained data it is possible to distinguish certain stages in 4. teichomyceti-
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Fig. 3. SEM photographs showing A. teichomyceticus development on OM-agar: a) on the third day of
cultivation sporangial primordia (2) could be already observed as well as sporangiophorous hyphae
(1); b) on the fourth day of cultivation some mature-size sporangia (3) could be already observed.
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Fig. 4. Light microscopy photographs illustrating spore releasing process: a) intact sporangium; ) swelling
of the spores began, sporangial coating is broken; c) spore release; d) late stage of spore release; e)
empty sporangial coating; f) free swimming spores.
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Fig. 5. Light microscopy photographs of spore germination process: a,b,c) germinating spores (1) with
germ tubes (2) maintained 5-6 hours after release in water suspension, d,e)germinated spores (1)
form substrate mycelia (3) after 12-16 hours maintenance on OM-agar; f) germination of whole
sporangium on OM-agar, single geminating spores could still be distinguished (1).

1. Spore germination and vegetative mycelia formation. After spores are inoculated
on the surface of the solid media they germinate (Fig. 6, @) and form substrate mycelia
(Fig. 6, b). Mycelia from liquid culture can also form vegetative hyphae when inocu-
lated on solid media. A. teichomyceticus forms substrate mycelia during first two days
of growth under sporulating conditions.
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2. Aerial hyphae germination. After two days of growth aerial hyphae emerge on the
surface of vegetative mycelia (Fig. 6, ¢). Unlike aerial hyphae on streptomycetes they
never branch. The aerial hyphae germination is initiated in the certain points of the
lawn.

3. Formation of sporangial primordia. At the top of some aerial hyphae sporangial pri-
mordia form (Fig. 6, d). Therefore, aerial hyphae actually turn into sporangiophores.

4. Development of the sporangia. Primordia grow in size (from 1,5-2 to >20 pum,
(Fig. 6, e, f) and form mature spherically shaped sporangia (>20 um, Fig. 6, g). It is
obvious that certain differentiation processes leading to spore formation take place
within the primordium. In spite of this it still remains unclear what happens at the
apiculus of sporangiophore during the development of the sporangium. Some works
concerning this issue for other Actinoplanes species could be found [20] but reliable
hypothesis about spore formation does not exist.

Fig. 6. Summarizing scheme of 4. teichomyceticuslife cycle: sporangiophorous hyphae emerge
on the surface of vegetative mycelia (a) with further gradual development into sporangia
(b-g) and spore release (h-i).
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5. Spore release. After the wetting of mature sporangia motile spores are released
(Fig. 6, h, ). They can germinate and give raise to substrate mycelia if inoculated on
solid media or germinate and form fragmented vegetative hyphae under submerged
growth conditions.

Summing up, we are observing complicated picture of sporangial development in A. te-
ichomyceticus. To our knowledge, this is the first example of a complete lifecycle described for
Micromonosporaceae. Any developmentally deviated strain that could be received in future can
now be compared with resolved developmental pattern of A. teichomyceticus NRRL-B16726.
Morphogenesis of A. teichomyceticus only slightly resembles sporulation in streptomycetes. Sim-
ilarities could be observed only on the stage of spore and aerial mycelia germination: we found
out that spores germinate after swelling with a germ tube formation and that the SapB-like surfac-
tant putatively takes part in the germination. Furthermore, we found the absence of genetic poten-
tial to synthesize chaplins and rodlins in 4. teichomyceticus. We can try to explain such absence
with the size of sporangia: being relatively big structures (comparing to single bacterial cells or
streptomycetic spore chains) they maybe can penetrate aquatic layer by themselves, without any
additional hydrophobic proteins. In spite of above described and other data, spore formation re-
mains the most enigmatic part of the development.To reveal the development processes of spores
inside sporangia further investigations are necessary. We plan to achieve this goal by means of
transmission electron microscopy.
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ACTINOPLANES TEICHOMYCETICUS NRRL-B16726
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Actinoplanes  teichomyceticus ~ HaJXeXUTb 10  aKTHHOOAKTEepid  poOAMHU
Micromonosporaceae, sixi HpopmyroTh criopanrii. Lle equauii BigoMuid IpUPOAHUA TPOAY-
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LICHT IPOMHUCIIOBO BRKIMBOTO aHTHO10THKA TeHKotutaHiny. s 4. teichomyceticus BnacTusi
YHIKaJIbHI HUISIXH PO3BHUTKY, B AKHUX 3aisHI PETyIATOPHI MEXaHi3MH, BIIMIHHI BiJ] THX, IO
OTMCaHi IS CTPENTOMILIETIB. IX JOCHiKEHHS JOTOMOXKe 3’SICyBaTH 3aKOHOMipPHOCTI reHe-
TUYHOTO KOHTPOITIO (JOpMyBaHHS CIIOPAHTIIB, @ TAKOXK MOXKE Oy TH KOPHCHHUM IS OTPUMAHHS
HAAMPOIYLICHTIB BTOPUHHUX METa0OITIB Y BUIIB poauHu Micromonosporaceae. J1ns npo-
ro HeOOXiTHO JOCKOHAIBLHO BUBYMTH MOP(OIIOTIIO Ta KUTTEBUN LUKI A. teichomyceticus
JVIKOTO THUITY, iHpopMais mpo sKi Ha CbOTOAHI yXe oOMexeHa. Y 1iil poOoTi 1eTaabHO 10-
cimipkeHo ocobnuBocTi Mopdonorii 4. teichomyceticus 3a TOTIOMOTOIO CBITJIOBOI Ta CKaHYy-
10401 eJIeKTPOHHOT MIKPOCKOIIii, 8 TaKOXK MeTO1iB Gi0iH(GOPMATHKY 1 MOIEKYISIPHOT TeHETH-
KH. 3a pe3yibTaTaMH CIOCTEPE)KEHb OMMCAHO CTafil JKUTTEBOTO LUKy A. teichomyceticus.
PosButok A. teichomyceticus Ha arapu30BaHUX CEPETOBUIIAX OUYHMHAETHCS 13 TPOPOCTAHHS
cnop 1 popmyBanHs cyOcTpaTrHOro minedniro. [liciast ABOX JHIB pOCTY Ha MOBEPXHi cyOcTpar-
HOTO MILIETiI0 MOYMHAIOTH YTBOPIOBATHUCA i) MOBITPSHOTO MILENif0. Y CTPEeNnTOMILETiB
(opmyBaHHS TiiB MOBITPSHOTO MiLIENiIO MOJIETITY€ETHCS BKIIOYEHHSM Y iXHi KIIITHHHI CTiH-
ku cypdaxranrta SapB; A. teichomyceticus Takox Mae reHH, HEOOXiHI st CHHTE3y SapB-
noxiOHoro cypdakranta. Hamu 3°sicoBaHO, 1110 11l TEHU EKCTIPECYIOTHCS 32 YMOB CIIOPYJIALIT
Ta HEaKTHBHI, KonH 11 Hemae. [1oTim ridhm mOBITPAHOTO MiLlENi0 BUAOBXKYIOTECS 1 Ha IXHIX
BepxiBKax (pOpMyIOTbCS 3a4aTKH CIIOPAHTIiB, SKi JaJli PO3BUBAIOTHCSA Y J03P1Mi KyJISICTI CIO-
pasrii niamerpom noHa 20 MKM. 3MOYyBaHHS 103PUINX CIIOPAHTIiB CIPUYMHAE BUXIJ PyX-
JMBHUX cIop. PyxuuBicTh criop HaiibisIbLn iMoBipHO 3abe3mnedyeTsest ¢nareainom tumy FliC.
Taxum uuHOM, Yy 1ii poOoTi OyI10 BIiepIe ONMCaHO TOBHHUM )KUTTEBUH LIUKII PEICTABHUKA
poaunu Micromonosporaceae — A. teichomyceticus.

Kuouosi cnosa: Actinoplanes, criopaHrii, Mop(orenes, cCkaHyo4da eJIeKTpOHHA Mi-
KPOCKOITisL.
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Actinoplanes teichomyceticus TPHUHAIUICKUT K aKTHHOOAKTEPHSIM ceMeiicTBa
Micromonosporaceae, KOTopble 00pa3ylOT CIOPAHTHU. DTO EIWHCTBEHHBIH W3BECTHBIN
MPUPONHBIN TPOAYIICHT TMPOMBIIIICHHO BaXHOTO AHTHOMOTHKA TeiKomianuHa. Jlis
A. teichomyceticus XapakTepHBl yHUKAJbHBIC IIyTH DPa3BUTUS, B KOTOPHIE BOBJICUCHEI
pErylaTOpHblE MEXaHM3MBI, OTJIMYAIOIIUECS OT ONMCAaHHBIX Ul cTpenromuneroB. Mx
H3yYeHHE MTOMOXKET BEISICHATH 3aKOHOMEPHOCTH I'€HETHIECKOTO KOHTPOJIST (POPpMUpPOBAHNUS
CIIOPaHTHEB, a TaKKe MOXKET OBITh IIOJE3HBIM JUIs ITOJTYYCHHUS! CBEPXIIPOIYIICHTOB
BTOPHYHBIX METAOOIUTOB Yy BUIOB ceMeiicTBa Micromonosporaceae. J1jis1 5T0ro He00X0ANMO
JIOCKOHAJIBHO M3yYHTh MOP(OJIOTUIO M XKU3HEHHBIH UK A. teichomyceticus TMKOTO THIIA,
nH(opMaIHs 0 KOTOPBIX Ha CETOHS OYCHB OrpaHndeHa. B 3Toit poboTe eTanbHO H3ydeHb!
ocobeHHocTH Mopdonoruu A. teichomyceticus TpU TOMOIIY CBETOBOM W CKaHHPYIOIICH
JNIEKTPOHHON MHKPOCKONUM, a Takke METOJ0B OMOMH(OPMATHKH M MOJEKYISIPHON
reHeTHkH. HaM yanoch npociieinTh ¥ ONKCcaTh CTa Uy XKU3HEHHOTo IHKIIa 4. teichomyce-
ticus. PazButne A. teichomyceticus Ha arapu30BaHHBIX Cpe/laX HAYMHACTCS C IPOPaCTaHUs
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crop 1 popMUpOBaHMs cyOcTpaTHOTrO Muuenus. [Tocne 1ByX JHEil pocTa Ha MOBEPXHOCTH
CyOCTpaTHOTO MHIENHsA HAYMHAIOT (OPMUPOBATHCS TH(BI BO3IYIIHOTO MHULENUS. Y
CTPENTOMHULIETOB ()OPMUPOBaHHUE T'H(OB BO3AYIIHOIO MHULEIMS 00Nerdyaercs BKIOYEHUEM
B UX KJIETOYHBIE CTEHKHU cypdaxranta SapB. ['enom A. teichomyceticus Taxxe coaepXuT
reHbl, He0OXoANMbIe [UIs chHTe3a SapB-mogo0Horo cypdakranTa. Mbl Mokasanu, 4To 3TH
TeHBI HKCIPECCUPYIOTCS B YCIOBHUSX CTHOPYISLIUM M HEAKTUBHBI, €CTH OHA OTCYTCTBYET.
3areM rudbl BO3YIIHOTO MULIENHUS YUTHHSIOTCS, U Ha UX BEPXYIIKaX pOPMHUPYIOTCS 3a4aTKu
CTIOpaHTHeB, KOTOPBIE B JalbHEHIIEM DPa3BUBAIOTCS B 3pejible IMIAPOBUAHBIE CIOPAHTHU
nuamerpom 6omee 20 MkM. CMauMBaHUE 3PENBIX CIIOPAHTHEB BBI3BIBAET BBIXOJ] MOIBIKHBIX
criop. IToaBmKHOCTH CIIOp, BeposiTHee Beero, odecrneunsaet quaremuun tuna FliC. Takum
o0OpazoM, B 3TOil poOoTe BIEpBbIC OMUCAH MOJHBIN XU3HEHHBIM IHUKJI MPEICTaBUTEIS
cemetlictBa Micromonosporaceae — A. teichomyceticus.

Kurouegvie  cnoea: Actinoplanes, cnopanruy, MOpQOreHe3, CKaHUPYIOIIAs

OJICKTPOHHAasA MUKPOCKOIIHA.



