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Summary. The article presents the results of the study of the petiole anatomy peculiarities of the hybrids between
Aigeiros and Tacamahaca sections. Petiole anatomic structure was found to be helpful in assigning taxa to a section
and to find intersectional hybrids, which is actual for studying populations in natural and anthropogenic hybridization
zones. Cross sections made in the upper part of petioles were used for analyzing anatomic traits by light microscopy.
All representatives of the Aigeiros section have linear form of the vascular system, consisting of 3—5 rings, with a
rounded contour of the petiole adaxial side. In the Tucamahaca section taxa the vascular system is highly arched, and
the adaxial side is cordate. The study of the hybrids between species of the same section revealed that such hybrids in-
herit anatomy features common for the section. We can consider such traits as adaxial side shape and vascular system
type to be the most important markers for intersectional hybrids. Truncated or notched shape of the adaxial contour
and vascular system type were found to be characteristic features of hybrids, as small notches in their petioles’ upper
part are common for all hybrids. Most of hybrids have small notches, rather than grooves, in the upper part of their
petioles. Most of the intersectional hybrids have transitional shape of vascular system. The anatomy of Populus x si-
birica petioles confirmed earlier results that it is a hybrid cultivar, that originated as a result of crossbreeding between
Aigeiros and Tacamahaca section species.
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PETPOAYKTHUBHO 3PEIBIX IEPEBBEB C YKOPOUCHHBIX MM0OEroB. [l aHaIN3a UCTIONB30BAINCH TIONIEPEUHBIE CPE3bl, BBI-
IIOJIHEHHBIEC B BEPXHEH YacTH Yepellka. Marepuaisl UCCIeA0BaIUCh C TOMOLIbI METOJOB CBETOBOM MUKPOCKOIINU.
Jlnst Bcex mpencTaBuTesel ceKmMu Aigeiros XxapakTepHa JuHeHas popMa IpOBOJSIIEH CUCTEMBI U3 3—5 OKpYIIIBIX
KOJICIl M OKPYIJIBIH KOHTYp aJaKCHAIbHOM CTOPOHBI Yepemka. Y TaKCOHOB CeKIMM lacamahaca oHa BBICOKOAPKO-
oOpazHasi, a KOHTYp aJlakCHaJbHOW CTOPOHBI CEPALICBHIHBIA. V3ydeHrne ruOpuI0B MEXIy BUIAMHU OJHOW CEKITUH
M0Ka3aJI0, YTO OHH MOJHOCTBHIO HACIEAYIOT CHEIM(UKY CTPOSHHS XapaKTepHyIo I Tpynnsl. Haubonee BaXHBIMH
AQHATOMHYECKUMHU TIPU3HAKAMHU, MAapPKUPYIOUTIMH MEKCEKIIMOHHBIC THOPUIBI, CIEIYeT CUNTATh: KOHTYP aJaKCHalIb-
HOUW CTOPOHBI U (HOPMY MPOBOASIIEH CUCTEMBI. XapaKTepHOW OCOOCHHOCTHIO THOPUIIOB SIBISIETCS YCEUEHHBIH WU
BBIEMYATHIN KOHTYP a/IaKCHAIbHON CTOPOHBI YEPEIIKa, MOCKOJIBKY y OONBIIMHCTBA U3 HUX B BEPXHEH YacTu ueperika
HaOII0AaeTCs He )KeI000K, a TONbKO BeleMKa. Dopma MPOBOJIAIIEH CHCTEMBI Y OOTBITHHCTBA MEKCEKITMOHHBIX THOPH-
JIOB TIPOMEKYTOUHAs. AHAIM3 CTPOSHUS YepemmkoB Populus X sibirica moATBEpANIT JaHHBIE Psiia aBTOPOB O TOM, UTO

9TO TUOPUAHBINA KyTETHBAP, BO3HUKIINN B pe3ybTaTe CKpEIIMBAaHUs BUJOB CeKiuil Aigeiros u Tacamahaca.

Introduction

Natural hybridization between species from
different sections is quite common in the Populus
L. genus.

In the North America spontaneous crossing
between P deltoides W. Bartram ex Marshall
(Adigeiros Lunell section) and P heterophylla
L. (Leucoides Spach section) is widely spread
(Eckenwalder, 2010). But hybridization between
representatives of Aigeiros and Tacamahaca Mill.
sections is even more common, as they can cross
relatively freely despite the presence of mechanisms
forreproductive isolation (Proshkin, Klimov, 2017a).
Spontaneous hybridization between Aigeiros section
species (black poplars) and Tacamahaca section
(balsamic poplars) occurs in contact sites of taxa
areas and is poorly limited by prezygotic barriers.
Genetic composition of trees in hybridization
zones is determined by natural selection, with
two parental groups and one hybrid group easily
distinguished. F, often predominate among hybrid
offspring (Proshkin, Klimov, 2017a). However,
hybrids of the next generations and backcrosses are
not always discarded by natural selection and can
be quite abundant in populations (Hersch-Green et
al., 2014; Roe et al., 2014; Chhatre et al., 2018).
Numerous studies in hybridization zones showed
that backcrossing between hybrid plants and those
of parental species are common (Christe et al., 2016;
Hu et al., 2016; Jiang et al., 2016; Zeng et al., 2016;
Vasilyeva et al., 2018). Therefore, the observed
hybridization is retrogressive, being accompanied
by the gradual transfer of genetic material from
one taxon to another across inter-species isolation
barriers. Introgression is considered to be an
important source of genetic variation (Chhatre
et al., 2018; Suarez-Gonzalez et al., 2018a, b, c).
Alongside with the natural one, anthropogenic
hybridization between the cultivated and native
species is currently widely spread. Broad and often

unjustified use of adventive and numerous cultivars
of hybrid origin results in their contact with native
species populations, thus providing the possibility
for the exotic genes transfer into the native gene
pools and hence threatening their preservation
(Proshkin, Klimov, 2017b). Moreover, increased
invasive ability of hybrids can facilitate their
introduction into indigenous plant communities, and
not only in the floodplains (Kostina et al., 2016). All
these necessitate development of reliable methods
of identifying hybrid plants. The use of molecular
biomarkers is currently the best approach, but its
high cost has been so far prohibitive for the wide
use. Besides that, the method is most effective in
comprehensive studies employing other techniques,
like phenetics etc. (Udalov, Benkovskaya,
2011). Thus, investigation of the initial stages of
hybridization processes should be based on plant
anatomy and morphology.

Our ecarlier research showed that morphology
studies are quite reliable in identifying poplar
hybrids between Aigeiros and Tacamahaca sections
by differentiation patterns of the shortened branches
in their crowns. The Tacamahaca section trees
have specialized shortened branches, so called
discoblasts, while Aigeiros section trees do not have
such, their shortened branches being represented
only by leptoblasts. Discoblasts are always inherited
by both native and cultural hybrids, being preserved
even in the backcrosses. Unfortunately, the trait has
a serious shortcoming: well developed shortened
branches can be found only on rather mature trees.
The use of generative organs morphology also
has certain limitations: a) the method does not
allow indentifying trees that have not reached the
reproductive age, b) poplars are strictly dioecious
plants, c) poplars have rather short flowering and
fruiting periods, and d) their reproductive organs,
except for fruits, so far have been poorly studied
(Klimov, Proshkin, 2019).
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In zones of natural hybridization between
Aigeiros and Tacamahaca section species, where
the parent species are reliably known, morphology
methods overcome such shortcomings. However,
while investigating the hotspots of anthropogenic
hybridization, morphology methods cannot be relied
on as the primary ones for species identification,
as in such zones the parent involvement of certain
species is not obvious, and hybrid cultivars often
Cross.

Thus, systematic assignment of the hybrid trees
at the section level often becomes the primary goal
of research. The situation is actualized by the wide
spreading in culture of poplar cultivars and clones of
the unknown descendance. The latter results not only
from the lost data about the assortment of planted
trees, but also from breeding methods and practices,
which were widely used in the past: breeding, based
on selecting in nurseries spontancous hybrids with
economically valuable traits but unknown origin;
pollinating with pollen mixture and the absence
of detailed description of the obtained cultivars
(Klimov et al., 2018). A telling example is provided
by the wide use for urban green landscaping and
protective agriculture in the south of West Siberia
of the hybrid P. x sibirica G. V. Krylov et G. V.
Grig. ex A. K. Skvortsov, the exact origin of which
is not known (Kostina et al., 2016, 2018; Proshkin,
Klimov, 2017b). For a long time, the taxon was
believed to be P. balsamifera L. (Bakulin, 1990,
2005; Kuklina, Merzlyakova, 2013). V. T. Bakulin
(1990) noted that in Siberia the species is not
homogenous, being represented by different clones
of unknown origin. Several researchers indicated its
hybrid nature, basing their conclusion on fruits and
vegetative organs’ morphology (Skvortsov, 2007;

Maiorov et al., 2012). However, up till now the
unequivocal evidence for the hybridization origin
was not found. Few studies of the anatomy of the
Salicaceae Mirb. family showed the importance of
such approach for solving complicated taxonomic
problems (Thadeo et al., 2014; Kalouti et al., 2015;
Cortan et al., 2017). Thus, petiole anatomy, i.e.
peculiarities of petiole structure, can be considered
one of the most promising methods for poplar
taxonomic attribution (Skvortsov, Belyanina, 2005;
Kurkin, 2014a, b; Gavrilenko, Novozhilova, 2015,
2017).

The aim of the study was to examine petiole
anatomy of Aigeiros and Tacamahaca section species
and their hybrids with the purpose of assessing the
potential of the method for taxonomic identification.

Materials and Methods

Our earlier studies showed that to reveal the vari-
ability of petiole traits in hybrid and parental taxa in
the natural hybridization zones one should not focus
research efforts solely on model trees. Only compre-
hensive efforts to study population variability can be
effective in analyzing hybridization and introgres-
sion processes. At the same time, research on model
trees is quite justified for studying cultivars, which
have limited variability (Klimov et al., 2018).

The following taxa were the objects of the study:

Aigeiros section: P. nigra L. and P. deltoides
Marshall.

Tacamahaca section: P, balsamifera L., P. tricho-
carpa Torrey et A. Gray, P. laurifolia Ledeb. and
P, suaveolens Fisch.

Natural and cultural hybrids were studied (Table

1).

Table 1

The studied Populus genus hybrids

Name

Parent taxa

Provenance

P. X moskoviensis Schroeder

P. laurifolia x P. suaveolens (probably)

Moscow, spontaneous hybrid

P. x canadensis Moench

P. nigra x P. deltoides

Europe, spontaneous hybrid

Hybrid no.14

P laurifolia x P. nigra var. italica,

Bred by V. T. Bakulin

P. x jrtyschensis C. Y. Yang in C.
Wang & S. L.

P. laurifolia x P. nigra

The  Altai-Sayan  Mountain
Country, natural hybridization

P. x leningradensis P. Bogdan.

P. X canadensis X P. suaveolens

Bred by P. L. Bogdanov

P x sibirica G. V. Krylov et G. V.
Grig. ex A. K. Skvortsov

(probably)

(P. laurifolia x P. nigra) x P. balsamifera ?

Besides that, materials obtained from dendrari-
um of the Central Siberian Botanical Garden of the
Siberian Branch of the Russian Academy of Scienc-
es (Novosibirsk), Educational Botanical Garden of

the Novokuznetsk Institute of the Kemerovo State
University (Novokuznetsk) and herbarium of spe-
cies and hybrids of the Moscow Region. The leaves
of P. nigra, P. laurifolia and P. x jrtyschensis were
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collected by the authors in 2016-2017 in poplar
populations in the basin areas of the Tom, Biya and
Katun Rivers.

To account for the possible heterogeneity of P. x
sibirica we used five trees collected in several areas,
namely in Kemerovo and Novokuznetsk (Kemero-
vo Region), Novosibirsk and Berdsk (Novosibirsk
Region) and Altai Territory (Biisk). Leaves were
sampled mid-crown from the short branches of the
reproductively mature trees. Petioles were separated
from the blades and placed into the mixture of 96%
ethanol, glycerol and water (1:1:1 v/v). The petioles
and leaves from herbaria were incubated in the sim-
ilar mixture for three or four days. Cross-sections
were made from the upper part of a petiole, i.e. at the
base of the leaf blade, as their characteristics were
used as keys to discriminate between the species of
the Aigeiros and Tacamahaca sections (Menitsky,
1989; Molganova, Ovesnov, 2016). Besides that, in
the upper part of a petiole conducting bundles joined
together, whereas in other parts they were separated
to different degrees (Kindyakova, Shamrov, 1976).
The cross-section slides were colored using 2 %
aqueous safranine solution. Petiole anatomy was
examined by using light microscopy (Micromed-1,
Nabludatelniye pribory LLC, Russia) at 40 and 100
magnifications.

The following features were recorded while
studying microscopic slides: the shape of the petiole
cross-section, the contours of petiole adaxial and ab-
axial sides, the shape of the closed collateral rings,
and the type of conducting system. The length of
the petiole cross section (H, wm) and the distance
between the widest part of the section and its base
(B, pum) were measured on each slide by using Axio

Vision 4.8.2 (ZEISS, 2018) software. The following
ratios were used to categorize cross-section and ring
shape: B/H < 0.25 (triangular); 0.25-0.35 (ovate-
triangular); 0.35-0.45 (ovoid); 0.45-0.65 (elliptic);
and >0.65 (obovate) (Klimov, Proshkin, 2018a).

Results and discussion

The type of vascular system was determined ac-
cording to the relative position of closed conducting
collateral vascular bundles, seen as rings on the peti-
ole cross-section microscopic slides, rather than in-
dividual bundles. The rings are located in tiers. Ear-
lier we distinguished four types of the vascular sys-
tem of the studied poplar taxa: linear, consisting of
the 3—5 rounded or elliptic rings, located one above
another; transitional, consisting of two linearly po-
sitioned rounded or elliptic rings and two rounded
or elliptic rings positioned in parallel on the adaxial
side; highly transitional, consisting of three linearly
positioned rounded or elliptic rings; and high arched
type, consisting of one elliptical ring on the abaxial
side and 2—6 parallel rounded rings on the abaxial
side (Fig. 1).

The study showed that petiole anatomy in Po-
pulus genus trees can attribute a taxon to a section,
which is actual for studying zones of the natural
and anthropogenic hybridization (Table 2). All the
representatives of the Aigeiros section have linear
vascular system of three-five rounded rings and the
rounded contour of the adaxial side. The taxa from
the Tacamahaca section have high-arched vascular
system, while the adaxial side is cordate (Fig. 2)
(Klimov, Proshkin, 2018b).

Table 2.

Diagnostic traits of petioles of the poplar species from the Aigeiros and Tacamahaca sections
and their intersectional hybrids

Traits Peculiarities of traits
Aigeiros Aigeiros * Tacamahaca hybrids Tacamahaca
The shape of the petiole egg-shaped . - -
upper part cross-section triangular, elliptic ovoid, elliptic Egg-shaped, elliptic
Adaxial side contour rounded Truncated, seldom v cordate
Vascular system shape linear Predominantly transitional High-arched

Overall one-tier epidermis, consisting of small
densely packed parenchyma cells, is a characteristic
feature of Aigeiros and Tacamahaca species. Only
P. laurifolia has epidermis of elongated up to 15 um
cells. The width of its cuticle ranges 5-10 pm.

All studied Tacamahaca section had unicellular
subulate trichomes 50-130 pum long. It should be

noted that the degree of trichome development and
their length may vary between individuals in popu-
lations of the same species (Klimov, Proshkin, 2017,
2018Db).

The P. nigra populations in the basin areas of the
Tom, Biya and Katun Rivers are characterized by
the prevalence of trees with naked leaf blades and
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petioles, whereas the haired morphotype of the spe-
cies grows manly in sites of its hybridization with
P. laurifolia (Klimov, Proshkin, 2017, 2019; Pro-
shkin, Klimov, 2019). The morphotype is charac-
terized by unicellular cover trichomes that are not
abundant. Under the cover tissue and along the en-
tire perimeter of the cross-section there is usually a
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4-5 cells thick layer of the angular-lamellar collen-
chyma. In the ribs of the adaxial side of the balsamic
poplar leaves the layer is 67 cells thick.

Below the layer of the angular-lamellar collen-
chyma there is a layer of the angular one, forming a
transition to the basic and assimilating parenchyma
(chlorenchyma) almost along the entire perimeter.
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Fig. 1. The types of vascular systems: a — Aigeiros section taxa (linear type); b — Tacamahaca section taxa (high-
arched type); ¢ — hybrid (intermediate); d — hybrid (high-arched type); e — hybrid (linear type); f — hybrid (high-

intermediate) type.
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The Aigeiros section species have slit-like intercel-
lular spacers on the adaxial and lateral sides in sites
where one type of collenchyma substitutes another.
The petiole sides have loose chlorenchyma patches
under the sub-epidermal collenchyma layer. The an-
gular collenchyma of balsamic poplars can not be

seen on the adaxial side, where large intercellular
spacers reaching the upper side of the abaxial con-
ducting bundle ring through the assimilating tissue
layer. Smaller intercellular spacers can be found on
lateral and abaxial sides.

Fig. 2. Petiole cross sections: a — Populus nigra; b — P. balsamifera; ¢ — P. trichocarpa; d — P. laurifolia; e — P. sua-

veolens.

The presence of numerous calcium oxalate drus-
es is common for all studied poplar species. The
black poplars have them mainly in cells surround-
ing the conducting bundles, while balsamic poplars
can have the druses also in chlorenchyma (Klimov,
Proshkin, 2018b).

Examination of intra-section hybrids showed
that they fully inherit the anatomy features specific
for the section, which allows to discriminate such
hybrids from the inter-section ones (Fig. 3).

The following traits can be considered the most
important anatomic features, marking inter-section
hybrids: the petiole cross-section shape in the upper
part, the contour of the adaxial side and the type of
the vascular system (Fig. 4). In their petiole cross-
section shape the hybrids are close to 4igeiros spe-
cies, which is flattened in the petiole upper part. Ad-
ditionally, some of the hybrids have slit-like inter-
cellular spacers on adaxial and lateral sides.
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Fig. 3. Petiole cross sections: a — Populus * canadensis; b — P. X moskoviensis.

Truncated or notched contour of the petiole ad-
axial side is a characteristic feature of hybrids (Fig.
1). It reflects the degree of groove development on
the petiole upper side. According to some research-
ers, the presence or absence of the groove can be
considered one of the major traits, discriminating
species of Aigeiros n Tacamahaca sections (Pautov,
2002; Mayorov et al., 2012). Many authors noted
that in hybrid trees the groove in the petiole up-
per part is poorly developed (Mayorov et al., 2012;
Molganova, Ovesnov, 2016; Kostina et al., 2016).
Our findings comply with this conclusion, as most
of the hybrids in our study had only the groove in
their petiole upper part.

The type of the vascular system in hybrids may
be the most obvious qualitative trait for their iden-
tification. Examination of petiole anatomy of P. x
jrtyschensis from the Tom River basin populations
showed that most of the hybrids (73.0 % of the set)
had intermediate type of conducting system (Fig.
Ic, 3a). The trees with such type of conducting sys-
tem are likely to be F, hybrids, which is partially
confirmed by examining petiole anatomy in the
first generation hybrids obtained in culture between
Aigeiros and Tacamahaca section species: P. X lenin-
gradensis (P. Xcanadensis *x P. suaveolens; bred
by P. L. Bogdanov) and hybrid No.14 (P. laurifo-
lia x P. nigra var. italica; bred by V. T. Bakulin).
The studied cultivars of this hybrid generation also
had intermediate conducting system (Fig. 3c, d).
Some of the P. X jrtyschensis trees are characterized
with high-arched (21.0 %), linear (3.0 %) and high-

intermediate (3.0 %) vascular systems, their leaves
morphology not differing statistically from the trees
with intermediate type of vascular system. Petiole
structure analysis confirmed earlier findings that
it is a hybrid cultivar, resultednt from the crossing
between Aigeiros and Tacamahaca section species
(Fig. 3b). It should be noted that already in 1956
G. V. Krylov (Albensky etal., 1956) analyzed the use
of poplars for green landscaping and protective syl-
viculture in Siberia and concluded that it is Siberian
poplar, rather than P. balsamifera, that was spread
in West Siberia. The latter was used in the Kazakh
Soviet Socialist Republic (Albensky, Dyachenko,
1940; Albensky et al., 1956). In 1957 G. V. Krylov
described (in Russian) Siberian poplar as a taxon at
the species level (Gureeva et al., 2016), regarding
it as a separate local Altai-Sayan species. The lat-
ter conclusion was certainly wrong, as the species
cannot be found in natural ecosystems of the region.
G. V. Krylov may have not distinguished it from the
natural hybrid P. X jrtyschensis, which is quite com-
mon in river valleys and the foothills of the Altai
and the Sayan Mountains in areas where the par-
ent species P. laurifolia and P. nigra grow together.
However, so far the presence of the latter species
has not been recorded in any native dendroflora in-
ventory of Siberia. P. x sibirica u P. X jrtyschensis,
as hybrid taxa, look very similar indeed: both have
well developed discoblasts, the ribbed in the upper
part and cylindrical in the lower part young shoots
prevailing, mostly bivalve, less often tricuspid fruit
boxes, similar leaf blade shapes. At the same time,
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Fig. 4. Petiole cross sections: a — Populus % jrtyschensis; b — P. x sibirica; ¢ — P. x leningradensis; d —hybrid No. 14.

they differ in some morphological traits: P. x sibirica
has glistening grey-orange peridermis of the crown
shoots, whereas P. X jrtyschensis has grey one. The
Siberian poplar has ovoid leaves on its shortened
branches (ca. 60 %) and ovoid-triangular leaves (ca.
40 %) with 1-2 small glands in the site where the
blade joins the petiole, although not on all leaves.
The Irtysh poplar has predominantly ovate-triangu-
lar leaf blades (60-80 %), albeit triangular, ovoid
and elliptical can also be found; no glands. Despite
its native origin, the Irtysh poplar, in contrast to
P x sibirica, is not widely used for urban green
landscaping in Siberia. Its decorative form was bred
by Z. I. Luchnik and is known as ‘Gornoaltaisky
2’. P. x jrtyschensis was found in small numbers on
plantations in Biysk, Novokuznetsk, Tomsk accord-
ing to T. E. Kuklina and 1. Ye. Merzlyakova (2013).

Conclusions

The poplar species of the digeiros and Tacama-
haca sections can be discriminated on the basis of
their petiole anatomic structure. As expected, hybrid
taxa, originated as a result of the crossing between
the species, to a certain degree inherit the traits of
the parent species, but can be easily identified ac-
cording to the adaxial side contour and vascular
system type. The intra-section hybrids do not dif-
fer from parent species in their petiole anatomy. The
petiole structure of Populus * sibirica confirms ear-
lier results that it is a hybrid cultivar, originated due
to the crossbreeding between Aigeiros and Tacama-
haca section species.



88

Proshkin B. V., Klimov A. V.
Populus petiole anatomy

Acknowledgements

The authors are very thankful to Dr. M. V. Kos-
tina, Professor with the Botany Chair of the Mos-
cow State Pedagogical University, and to Drs.
E. V. Banaev and A. P. Belanova, researchers of
the Dendrology Laboratory of the Central Sibe-
rian Botanical Garden of the Siberian Branch of

the Russian Academy of Sciences, Novosibirsk, for
providing materials for the study. The authors are
also very grateful to Dr. V. V. Tarakanov from the
West-Siberian filial of the Sukachev Forest Insti-
tute of the Krasnoyarsk Research Centre for taking
part in the field studies and discussing the obtained
results.

REFERENCES / IUTEPATYPA

Albensky A. V., Dyachenko A. E. 1940. Cultivation of fast-growing and valuable trees and shrubs. Moscow, 226
pp- [In Russian]. (4nrs6enckuir A. B., /[bauenko A. E. Pazsenenne ObICTpOPACTYIINX U IICHHBIX IEPEBBEB U KycTap-
HUKOB. M., 1940. 226 c.).

Albensky A. V., Krylov G. V., Logginov B. L., Shcherlin 1. D. 1956. Use of fast-growing rocks in field-protective
forestation. Moscow, 68—87 [In Russian]. (4rs6enckuii A. B., Kpovinog I. B., Jloccunoe b. H., Ilepnun U. J]. Vc-
MTOJTF30BaHNE OBICTPOPACTYIINX ITOPOJI B MOJE3AIMUTHOM Jiecopa3BeneHnn. M., 1956. C. 68-87).

Bakulin V. T. 1990. Introduction and selection of poplars in Siberia. Nauka, Novosibirsk, 174 pp. [In Russian].
(BPaxkynun B. T. Uatponykuus u cenexius Torons B Cubupu. HoBocnbupcek: Hayka, 1990. 174 c.).

Bakulin V. T. 2005. The use of poplar planting in the industrial cities of Siberia: a brief analysis of the problems.
Contemporary Problems of Ecology 4: 563-571 [In Russian]. (bakyaun B. T. Vicnionp30BaHIE TOMONS B 03CIICHCHUN
TIPOMBITIITICHHBIX TopoxoB CHOMpH: KpaTkuii aHau3 podineM // Cubupcekwii sxomorndecknii xypaai, 2005. Ne 4. C.
563-571).

Chhatre V. E., Evans L. M., DiFazio S. P, Keller S. R. 2018. Adaptive introgression and maintenance of a trispe-
cies hybrid complex in range-edge populations of Populus. Molecular Ecology 27(23): 4820—4838. DOI: 10.1111/
mec.14820.

Christe C., Stolting K. N., Bresadola L., Fussi B., Heinze B., Wegmann D., Lexer C. 2016. Selection against
recombinant hybrids maintains reproductive isolation in hybridizing Populus species despite F, fertility and recurrent
gene flow. Molecular Ecology 25(11): 2482-2498.

Cortan D., Vilotic D., Sijacié-Nikoli¢ M., Miljkovic D. 2017. Leaf stomatal traits variation within and among
black poplar native populations in Serbia. BOSQUE 38(2): 337-345. DOI: 10.4067/S0717-92002017000200011.

Eckenwalder J. E. 2010. Populus. Flora of North America Editorial Committee 7: 5—14.

Gavrilenko 1. G., Novozhilova E. V. 2015. Anatomical structure of the leaf petioles of species of the genus Thal-
ictrum (Ranunculaceae) of Russian Far Eastern. Turczaninowia 18, 4: 67-73 [In Russian]. (I'aépunenxo HU. I, Ho-
6odxcunosa E. B. AHaTOMIYECKOE CTPOCHHE YEPEIIKOB TUCThEB BUIOB pona Thalictrum (Ranunculaceae) JlanpHero
Bocroka Poccun // Turczaninowia, 2015. T. 18, Ne 4. C. 67-73). DOI: 10.14258/turczaninowia.18.4.8.

Gavrilenko 1. G., Novozhilova E. V. 2017. Anatomical structure of leaf petiole, stem and semen Aconitum corea-
num (Ranunculaceae). Turczaninowia 20, 1: 75-79 [in Russian]. (I'aspunenxo HU. I., Hosoxncunosa E. B. Anaromu-
YEeCKOe CTPOCHUE Yepellika JINCTa, CTeOIst U ceMeHu Aconitum coreanum (Ranunculaceae) // Turczaninowia, 2017. T.
20, Ne 1. C. 75-79). DOI: 10.14258/turczaninowia.20.1.6.

Geraldes A., Farzaneh N., Grassa C. J, McKown A. D., Guy R. D., Mansfield S. D., Douglas C. J., Cronk Q. C. B.
2014. Landscape genomics of Populus trichocarpa: the role of hybridization, limited gene flow, and natural selection
in shaping patterns of population structure. Evolution 68(11): 3260-3280. DOI: 10.1111/evo.12497.

Gureeva I. 1., Klimov A. V., Balashova V. F. 2016. Lectotypification of the name Populus x sibirica G. V. Krylov
et G. V. Grig. ex A. K. Skvortsov. Sist. Zametki Mater. Gerb. Krylova Tomsk. Gosud. Univ. [Systematic notes on the
materials of P. N. Krylov Herbarium of Tomsk State University]114: 8—10 [In Russian]. (Iypeesa H. H., Knumoe
A. B., banawosa B. @. Jlexrornmmupukarys HazBaHus Populus * sibirica G. V. Krylov ex A. K. Skvortsov // Cu-
cTeMaTHUYecKue 3aMeTkH 1o marepuanam I'epbapust um. I1. H. Kpbumoa ToMckoro rocynapcTBEHHOTO YHUBEPCHUTETA,
2016. Ne 114. C. 8-10). DOI:10.17223/20764103.114.2.

Hersch-Green E. 1., Allan G. J., Whitham T. G. 2014. Genetic analysis of admixture and patterns of introgression
in foundation cottonwood trees (Salicaceae) in southwestern Colorado, USA. Tree Genetics & Genomes 10: 527-539.

Hu J., Zhang J., Chen X., Lv J., Jia H., Zhao S., Lu M. 2017. Empirical assessment of transgene flow from
transgenic poplar plantation. Peer J Preprints 4. DOIL: org/10.7287/peerj.preprints.2335v1.

Jiang D., Feng J., Dong M., Wu G., Mao K., Liu J. 2016. Genetic origin and composition of a natural hybrid
poplar Populus x jrtyschensis from two distantly related species. Plant Biol. 16(1): 88-99.

Kalouti S., Keshavarzi M., Nazem Bokaee Z., Saifali M. 2015. Leaf Anatomical study of Populus L. (Populus
nigra, Palba, P. euphratica & P. caspica) (Salicaceae) in Iran. Scientia Agriculturae 11(3): 124—-131. DOI: 10.15192/
PSCP.SA.2015.11.3.124131.



Turczaninowia 22 (3): 080-090 (2019) 89

Kindyakova M. D., Shamrov I. 1. 1976. Formation of the conducting system in the leaves of some trees and
shrubs. Morphogenesis of trees and shrubs. Gorky, 21-31 [In Russian]. (Kunodaxoea M. /1., Illampoe U. H. Dopmu-
pOBaHKE MPOBOASAIICH CHCTEMBI B JINCTBSIX HEKOTOPBIX JIEPEBLEB U KyCTapHUKOB // MopdoreHes 1epeBbeB U KycTap-
HukoB. [opekuii, 1976. C. 21-31).

Klimov A. V., Proshkin B. V. 2017. Morphotypic diversity in populations of Populus nigra L., P. laurifolia Ledeb.
and P, x jrtyschensis Ch. Y. Yang. in the zone of natural hybridization. Vestnik Tomskogo gosudarstvennogo univer-
siteta. Biologiya [Tomsk State University Journal of Biology] 39: 58-72 [In Russian]. (Krumoe A. B., IIpowkun
b. B. Mopdotunmueckoe pasHooOpasue B monymsamusax Populus nigra L., P. laurifolia Ledeb. u P. X jrtyschensis Ch.
Y. Yang. B 30He ecTecTBeHHON TnOpuan3anuu // BectHnk ToMckoro rocymapcTBEeHHOTO YHUBepcHTeTa. bromorus,
2017. Ne 39. C. 58-72). DOI: 10.17223/19988591/39/4.

Klimov A. V., Proshkin B. V. 2018a. Phenetic analysis of Populus nigra, P. laurifolia and P. X jrtyschensis in
natural hybridization zone. Vavilov Journal of Genetics and Breeding 22(4): 468-475 [In Russian]. (Krumoe A. B.,
Ilpowxun b. B. ®enernuecknii ananus Populus nigra, P. laurifolia u P. % jrtyschensis ¢ 30He rubpunnzamnun // Ba-
BHJIOBCKHUH JKypHaI TeHeTHKH U cenekimn, 2018a. Ne 4. C. 468-475). DOI: 10.18699/VJ18.384.

Klimov A. V., Proshkin B. V. 2018b. Using the anatomical and topographical structure of leaf stalks and stomata
for identifying species of the Tucamahaca section of the genus Populus. Bulletin of Central Siberian Botanical Garden
4(32): 30-36 [In Russian]. (Knumoe A. B., [Ipowikun b. B. Vcrions30BaHNEe aHATOMO-TOTIOTPa(pUIECKOI CTPYKTYPHI
JHMCTOBBIX YEPEIIKOB U PACIIOIOKEHHUS YCTHHIL UIs HACHTH()UKAINU BUAOB cekumu Tacamahaca pona Populus // Pac-
TUTENBHBIN Mup A3uaTtckoil Poccun, 20186. Ne 4(32). C. 30-36). DOI: 10.21782/RMAR1995-2449-2018-4(30-36).

Klimov A. V., Proshkin B. V. 2019. Using morphological and anatomical characteristics to identify hybrid plants
in the area of Populus laurifolia and P. nigra natural hybridization in Siberia, Russia. Vestnik Tomskogo gosudarst-
vennogo universiteta. Biologiya [ Tomsk State University Journal of Biology] 46: 64—81 [In Russian]. (Krumos A. B.,
Ilpowkun b. B. Vicionb3oBanne Mop(o-aHATOMUYIECKHAX TPU3HAKOB JUISl BBISIBIICHUS] THOPUIHBIX PACTCHUI B 30HE
ectecTBeHHOU ruOpuau3anmu Populus laurifolia n P. nigra B8 Cubupu, Poccust / Bectank ToMckoro rocynapcTBeH-
HOTrO yHUBepcuTeTa. buomorns, 2019. Ne 46. C. 64-81). DOI: 10.17223/19988591/46/4.

Klimov A. V., Proshkin B. V., Andreeva Z. V. 2018. Hybridization of species of the genus Populus L. sections
Aigeiros Lunell and Tacamahaca Mill. Bulletin of the NSAU 1(46): 16-34 [In Russian]. (Knumos A. B., IIpowikun
b. B., Andpeesa 3. B. Tubpunmsanus BunoB poaa Populus L. cexumii Aigeiros Lunell u Tacamahaca Mill. B mpupone
u xyneType // Bectruk HI'AY, 2018. Ne 46. C. 16-34).

Kostina M. V., Chindyaeva L. N., Vasilieva N. V. 2016. Hybridization of Populus x sibirica G. Krylov et Grig.
ex Skvortsov and Populus nigra L. in Novosibirsk. Environment and Human: Ecological Studies 4: 20-31 [In Rus-
sian]. (Kocmuna M. B., Qunosnesea JI. H., Bacunvesa H. B. Tubpunmsanus Populus xsibirica G. Krylov et Grig. ex
Skvortsov u Populus nigra L. B HoBocubupcke // CornpansHo-3konormueckne texaonorun, 2016. Ne 4. C. 20-31).

Kostina M. V., Vasilieva N. V., Nasimovich Yu. A. 2018. Natural and cultivated poplars of Irkutsk Province and
Buryat Republic. Environment and Human: Ecological Studies 3: 9-21 [In Russian]. (Kocmuna M. B., Bacunvesa
H. B., Hacumosuu IO. A. Ilpuponasie u KynbTHBHpYyeMbIe Tomois VpkyTckoit obmacti u Bypsaruu // CounanbHo-
aKoJiorudeckue TexHojoruu, 2018. Ne 3. C. 9-21).

Kuklina T. E., Merzlyakova I. E. 2013. Assortment of woody plants used in the gardening of Tomsk. Vestnik Tom-
skogo gosudarstvennogo universiteta. Biologiya [Tomsk State University Journal of Biology] 24: 47-66 [In Russian].
(Kyknuna T. 3., Mep3nakosea H. E. AcCCOPTUMCHT PEBECHBIX PACTCHHUH, HCIIOIB3YEMBIX B O3eJICHEHUH T. Tomcka //
Bectauk ToMckoro rocynapcTBeHHOT0 yHUBepcuTeta. buonorust, 2013. Ne 24. C. 47-66). DOI: 10.17223/19988591
/24/4.

Kurkin V. A., Akushskaya A. S., Ryzhov V. M., Tarasenko L. V., Toporkova P. D. 2014a. Petiole anatomy as part
of anatomical and morphological study of perspective medicinal plant. Ginseng herb. Fundamental Research 5(6):
1274-1278 [In Russian]. (Kypkun B. A., Akyuickaa A. C., Pvioncos B. M., Tapacenko JI. B., Tonopkoea I1. /]. Tletu-
OJISIPHAst aHATOMUS B paMKaxX aHaTOMO-MOP(OIOTHIECKOTO HCCIIE0BAHIS TIEPCIICKTHBHOTO JIEKAPCTBEHHOTO CHIPhS —
TpaBbl JKeHbIIeHs // OyHaaMeHTanpHbIe HecaenoBanus, 2014a. T. 5, Ne 6. C. 1274-1278).

Kurkin V. A., Ryzhov V. M., Tarasenko L. V., Zheleznikova A. S., Pomogaybin A. V. 2014b. Morphological
and anatomical study of the rachis of walnuts petiole (Juglans regia L.). Fundamental Research 5(1): 102—108 [in
Russian]. (Kypxun B. A., Petncos B. M., Tapacenko JI. B., Keneznukoea A. C., Ilomozaioun A. B. Mopdomoro-
AHATOMUYECKOE HCCIIEJOBAaHNE PAaXMCOB YEPEIIKOB JINCTA opexa rpeuxoro (Juglans regia L.) // dyHgameHTanbHbIe
uccienoanus, 20146. T. 5, Ne 1. C. 102—108).

Mayorov S. R., Bochkin V. D., Nasimovich Yu. A., Shcherbakov A. V. 2012. Adventive flora of Moscow and the
Moscow region. Moscow, 79—109 [In Russian]. (Maitopoé C. P., Boukun B. /., Hacumosuu IO. A., Il[epoaxos A. B.
AnserntuBHas ¢giaopa MockBel 1 MockoBckoit oomactu. M., 2012. C. 79-109).

Meirmans P. G., Godbout J., Lamothe M., Thompson S. L., Isabel N. 2017. History rather than hybridization
determines population structure and adaptation in Populus balsamifera. Journal of Evolutionary Biology 30(11):
2044-2058. DOI: 10.1111/jeb.13174.



90 Proshkin B. V., Klimov A. V.
Populus petiole anatomy

Menitsky Yu. L. 1989. Family of Salicaceae Mirb. Plants of Central Asia based on the materials of the V. L. Koma-
rov Botanical Institute 9: 14-54 [In Russian]. (Menuuxuii FO. JI. CemeiictBo Salicaceae Mirb. // Pactenus LierTpais-
HOM A3nm o matepuanam borarmueckoro nactutyta uM. B. JI. Komaposa, 1989. Bemm. 9. C. 14-54).

Molganova N. A., Ovesnov S. A. 2016. Species of the genus poplar (Populus L., Salicaceae) in the city of Perm.
Bulletin of Perm State University 1: 12-21 [In Russian]. (Monzanoea H. A., Osecnog C. A. Bunpl pona tomons (Popu-
lus L., Salicaceae) B 1. Ilepmu // Bectauk [Tepmckoro yauepcurera, 2016. Bem. 1. C. 12-21).

Pautov A. A. 2002. Leaf structure in the evolution of poplars. Proceding of St. Petersburg University. 164 pp. [in
Russian]. (ITaymog A. A. Ctpykrypa nucta B sBojrormn Tononelt // Tpynet C.-Iletep6. 00-Ba ecTEeCTBOMCTIBITATENEH,
2002. 164 c.).

Proshkin B. V., Klimov A. V. 2017a. Hybridization of Populus nigra L. and P. laurifolia Ledeb. (Salicaceae) in
the floodplain of the Tom' river. Siberian Journal of Forest Science 4: 38—51 [In Russian]. (IIpowxun b. B., Knumoe
A. B. Tubpunmsanuus Populus nigra L. n P. laurifolia Ledeb. (Salicaceae) B moiime pexu Tomu // Cubupckuii TecHOM
xypHai, 2017a. Ne 4. C. 38-51). DOI: 10.15372/SJFS20170404.

Proshkin B. V., Klimov A. V. 2017b. Spontaneous hybridization of Populus % sibirica and Populus nigra in the
city of Novokuznetsk (Kemerovo region). Turczaninowia 20, 4: 206-218 [In Russian]. (IIpowkun b. B., Knumos.
A. B. Crnonrannas rubpumusanust Populus % sibirica u Populus nigra B ropome Hooxy3nerke (Kemeposckas
o6mactp) // Turczaninowia, 2017b. T. 20, Bemt. 4. C. 206-218). DOI: 10.14258/turczaninowia.20.4.19.

Proshkin B. V., Klimov A. V. 2019. The role of the history of dissemination and introgression in the morphology
of Populus nigra L. in the north-western part of Altai-Sayan mountain country. Vestnik of Volga State University of
Technology. Ser.: Forest. Ecology. Nature Management 42: 62—74 [In Russian]. (IIpowikun b. B., Knumoe A. B. Pors
HCTOPHH PACCENICHUSI M HHTporpeccuu B Mopdonorun Populus nigra L. B ceBepo-3amangnoii vactn Anrtae-CasHCKON
ropHO#i cTpansl // BectHrk [T0BOIKCKOTO rOCY1apcTBEHHOTO TEXHOJIOTHYECKOro yHHBepeuTeTa. Cepust: Jlec. Dkoio-
rust. [TpuponomoneioBanne, 2019. Ne 42. C. 62-74). DOI: 10.25686/2306-2827.2019.2.62.

Roe A. D., MacQuarrie C. J., Gros-Louis M. C., Simpson J. D., Lamarche J., Beardmore T., Thompson S. L.,
Tanguay P, Isabel N. 2014. Fitness dynamics within a poplar hybrid zone: 1. Prezygotic and postzygotic barriers
impacting a native poplar hybrid stand. Ecol. Evol. 4(9): 1629-47.

Skvortsov A. K. 2007. About Siberian "balsamic" poplar. Bulletin of the Main Botanical Garden 193: 41-45 [In
Russian]. (Ckeopuyos A. K. O Cubdbupckom «banp3ammdaeckom» Torone // bromnerens [maBHOTO O0TaHMYECKOTO caja,
2007. Beim. 193. C. 41-45).

Skvortsov A. K., Belyanina N. B. 2005. Vascularization of the petioles of the poplars as a taxonomic feature. Bul-
letin of the Main Botanical Garden 189: 235-239 [In Russian]. (Ckeopuoe A. K., benanuna H. b. Backynsapuzamnus
YEepeIIKOB TOTIONEH KaK TAKCOHOMHYECKUH Tpu3HaK // bromnerens [maBHOTO 60TaHMYeckoro cana, 2005. Beim. 189.
C. 235-239).

Suarez-Gonzalez A., Hefer C. A., Lexer C., Cronk Q. C. B., Douglas C. J. 2018b. Scale and direction of adaptive
introgression between black cottonwood (Populus trichocarpa) and balsam poplar (P. balsamifera). Molecular
Ecology 27(7): 1667-1680.

Suarez-Gonzalez A., Hefer C. A., Lexer C., Douglas C. J., Cronk Q. C. B. 2018a. Introgression from Populus
balsamifera underlies adaptively significant variation and range boundaries in P. trichocarpa. New Phytologist.
217(1): 416-427.

Suarez-Gonzalez A., Lexer C., Cronk Q. C. B. 2018c. Adaptive introgression: a plant perspective. Biology letters
14(3): 20170688

Thadeo M., Azevedo A. A., Meira R. M. S. A. 2014. Foliar anatomy of neotropical Salicaceae: potentially useful
characters for taxonomy. Plant System Evolution 300: 2073-2089. DOI: 10.1007/s00606-014-1037-5

Udalov M. B., Benkovskaya G. V. 2011. Population genetics of the Colorado beetle: from genotype to phenotype.
Vavilovsky Journal of Genetics and Breeding 15(1): 156—172 [In Russian]. (Yoanoeé M. b., benvkoeckas I. B. Ilomry-
JISIIIMOHHASI TEHETHKA KOJIOPAACKOT0 )KyKa: OT TeHOTHNA 10 eHoTHmna // BaBuioBckuil )y pHaJl TeHETHKN U CEIEKIUH,
2011. T. 15, Ne 1. C. 156-172).

Vasilieva N. V., Kostina M. V., Nasimovitch U. A. 2018. Preliminary results of the molecular genetic investigation
of the poplar hybridization naturally and in the urban beautification. Environment and Human: Ecological Studies 1:
9-22 [In Russian]. (Bacunveea H. B., Kocmuna M. B., Hacumosuu FO. A. IlpenBaputenbHbIe Pe3yabTaThl MOJICKY-
JISIPHO-TEHETHYECKOTO UCCIIEOBAaHNS THOPUAN3AIMH TOIIONEH B MPHUPOJIE U TOPOJACKOM o3eneHeHuu // CoruaabHO-
aKoJioruveckue TexuHojoruy, 2018. Ne 1. C. 9-22).

ZEISS AxioVision. 2018. Microscope software for materials microscopy & industrial applications. Carl Zeiss Mi-
croscopy. Jena, Germany: Zeiss Int. TM. URL: https://www.zeiss.com/microscopy/int/products/microscope-software/
axiovision.html

Zeng Y. E, Zhang J. G., Duan A. G., Abuduhamiti B. 2016. Genetic structure of Populus hybrid zone along the
Irtysh River provides insight into plastid-nuclear incompatibility. Sci. Rep. 6: 377-389.



