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Abstract. Electron microscopic analysis of leaf ultrastructure patterns of Atriplex tatarica (Chenopodiaceae s. str. | Amaran-
thaceae s. 1.) revealed a prominent feature in mitochondria in bundle sheath cells (BSCs). Our studies of developing leaves of
A. tatarica collected in the Novobilychi neighborhood of Sviatoshyn District (Kyiv City, Ukraine) demonstrated that the in-
ternal mitochondrial structure in BS cells is significantly different from that in other cells. Many BSc mitochondria have two
types of cristae, normal and atypical ones. The atypical cristae represented with curved lamellae are oriented along the longi-
tudinal axis of a mitochondrion or at some angles to it. Such mitochondria appear to be widely distributed within the BS cells
in leaves of A. tatarica and are highly abundant (probably between 70 and 90%), but have not been observed in mitochondria
from cells of other chlorenchymal and epidermal tissues. These abnormal mitochondria can only be identified by the presen-
ce of atypical cristae; no other differences in their fine structure have been observed. In many cases, such mitochondria are
found in close proximity to chloroplasts. A functional connection between the architecture of atypical cristae and their phy-
siological function in BS cells is possible. The close proximity of these mitochondria to chloroplasts indicates that they may
play an important role in cellular energy or metabolite transport.
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Atriplex L. is a plant genus with about 250 currently
recognized species belonging to the family Amaran-
thaceae s. 1., subfamily Chenopodioideae (often reco-
gnized as a separate family Chenopodiaceae s. str.)
(see Kadereit et al., 2010; Zerdoner Calasan et al.,
2022; POWO, 2025-onward). The genus is quite
diverse and widely distributed. It includes many
desert and seaside plant species, halophytes, and
often plants of anthropogenic plant communities.

Representatives of Amaranthaceae subfam. Cheno-
podioideae (Chenopodiaceae s. str.) are important
components of the flora and vegetation in arid and
saline regions; they also often occupy arable fields,
roadsides, wastelands, and other disturbed habitats
(Akhani et al., 1997; Kochidnkova, Manddk, 2008;
Serd et al., 2023).

Only a few clades of Atriplex are represented
by C, plants, but most species of the genus are C,
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plants (one of the largest C, clades in eudicots, ac-
cording to Zerdoner Calasan et al., 2022), with a
characteristic leaf anatomy known as Kranz anato-
my (Hatch, 1987). The C, pathway of photosyn-
thesis is thought to have played an important role
in the evolutionary success of the genus Atriplex, as
most successful of its species that now are distribu-
ted almost throughout the world use the C, metab-
olism (see Rudov et al., 2020; Zerdoner Calasan et
al., 2022, and references therein). A representative
of this family belonging to the C, type clade, Atri-
plex tatarica L., is considered a weedy plant that is
native throughout a wide area of Middle and West-
ern Central Asia, Asia Minor, southeastern Europe,
and North Africa (Akhani et al., 1997), as well as
Ukraine (Skripnik, 1987). Based on flow cytometry
data, the biochemical type of photosynthesis in A.
tatarica is classified as NAD-ME, resembling that
of the related NAD-ME species A. rosea L. (Pfundel
et al., 1996).

In contrast to many other groups of C, Cheno-
podiaceae, Atriplex exhibits a typical Kranz anato-
my, characterized by a layer of bundle sheath cells
(BSCs) surrounding each vascular bundle and ra-
dially arranged palisade cells, and relatively little
variation in C, leaf types (Kadereit et al., 2010). The
outer layer is comprised of mesophyll cells (MCs),
which are not differentiated into spongy and pali-
sade parenchyma. A distinguishing feature of MCs
and BSCs is their structural and functional het-
erogeneity. MCs are characterized by their dimin-
utive size, dispersed arrangement, and the presence
of grana in their chloroplasts. In contrast to BSCs,
MCs rarely contain starch. The BSCs are charac-
terized by their larger size, thickened cell walls,
and close proximity to leaf veins. The chloroplasts
within BSCs may lack grana and frequently con-
tain starch grains. The Rubisco enzyme is localized
within BSCs, and the typical Calvin cycle occurs.
Primary photosynthetic CO, fixation is performed
in the cytosol of the MC. The resulting C, acid is
then converted to either malate or aspartate, which
are transported to the BSCs where they are decar-
boxylated, releasing CO, in the vicinity of Rubisco.
The cooperative functioning of the two photosyn-
thetic cells, which are biochemically and ultrastruc-
turally distinct (Hatch, 1987), results in a multiple
elevation in substrate (CO,) concentrations around
the carboxylating enzyme Rubisco (Sage, 2004),
thereby minimizing photorespiration (von Caem-
merer, Furbank, 2003).
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The C, cycle necessitates additional biochem-
ical steps, leading to higher energy consumption
as compared to C; photosynthesis. The fixation of
one CO, molecule requires 5 ATP and 2 NADPH
for C, plants, which drive the NAD-ME photosyn-
thetic subtype, whereas for the C, cycle this ener-
gy requirement is 3 ATP and 2 NADPH (Edwards,
Voznesenskaya, 2010; Walker et al., 2020). Howev-
er, available research on the mechanisms that regu-
late energy balance in these different subtypes of C,
plants is limited, and in particular the ultrastructur-
al features of mitochondria in MCs and BSCs have
received little attention. The aim of this study was to
examine the internal structure of mitochondria in
BSCs of A. tatarica leaves collected on the suburbs
of Kyiv.

Field experiments were carried out in June
2023 in the region of the western suburbs of Kyiv.
Seven plants were collected in the Novobilychi
neighborhood, Sviatoshyn District of Kyiv City
(50°28'37.0"N, 30°2129.0"E), between the railway
and the roadside (Fig. 1A); we then selected for
sampling three leaves from each plant (Fig. 1B).

For ultrastructural analysis of leaf mitochondria,
2 x 2 mm sections were cut from the middle zone of
the leaves (Fig. 1C). A pre-fixation of the material
was carried out at room temperature (18-22 °C) as
described earlier (Fediuk et al., 2017). After vacu-
um infiltration with 2.5% glutaraldehyde in 0.1 M
phosphate buffer (pH 7.2) for 8 h at 4 °C, the sam-
ples were buffer-washed (2 x 20 min) and postfixed
with 1% OsO, in 0.1 M cacodylate buffer, pH 7.2,
overnight at 4 °C. The prepared plant materials were
dehydrated in a graded ethanol series and infiltrat-
ed via acetone series. Then, samples were soaked
in epoxy resin mixtures and acetone, embedded in
Epon-araldite resin and transferred to a thermo-
stat for polymerization at 37 and 60 °C. Ultra-thin
sections were made with a LKB-V ultramicrotome
(LKB, Sweden), stained with Pb citrate, and exam-
ined in a JEM-1300 transmission electron micro-
scope (JEOL, Japan) with magnification of 50 000
or 100 000x. The images of 50 mitochondria were
analyzed as described earlier (Fediuk et al., 2018)
for each variant. Morphometric image analysis of
the mitochondria and determination of transverse
dimension of the grana were carried out using an
Image] computer program (NIH Image, USA).

In higher plants, mitochondria are usually spher-
ical, sausage-shaped, or linear, and their morpholo-
gy is highly variable (Logan, 2003). They are usually
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Fig. 1. Studied population of Atriplex tatarica. A: geographic
location of the studied population; B: a representative plant
BN of A. tatarica from that population; C: leaf blade with a

| white mark indicating the material sampling place for
ultrastructural investigation (arrow)

ISSN 2415-8860. Y kpaircokuti 6omaniunuii scypHan. 2025. 82(3) 191



O. FEDIUK et al.

distributed in the cytoplasm (Stickens, Verbelen,
1996) with diameters ranging from 0.2 to 1.5 um
(Jaipargas et al., 2015).

In the BSCs of Atriplex tatarica leaves, a signifi-
cant proportion of the mitochondria appear elon-
gated; moreover, we found that they contain not
only normal cristae, but also atypical cristae, which
form specific structures that occupy a considerable
fraction of the volume of these organelles (Fig. 2A).
Atypical cristae are curved lamellae that are often
arranged parallel to each other along the longitudi-
nal axis of the mitochondrion. When viewed lon-
gitudinally, these structures appear as a series of
curved lamellae that are connected at some points.
The diameter of these structures has been measured
to be 10-15 nm, with lengths reaching 500-700
nm. The ultrastructure of these mitochondria con-
sists of interconnected sectors with widened elec-
tron-transparent zones resembling normal cristae,
and narrower sectors with electron-dense mem-
branes and an electron-opaque central layer (Fig.
2B). Typically, their terminal sectors are occluded;
numerous intramitochondrial granules are often
observed between them (Fig. 2C). The number
of elements in each structure varies considerably
(from a few to more than 10 per section), as does
their number in a mitochondrial section (1-3 per
organelle). Such mitochondria appear to be wide-
ly distributed within the BSCs of A. tatarica leaves
(Fig. 2A) and are highly abundant (probably be-
tween 70 and 90%), but have not been observed in
mitochondria from cells of other chlorenchymal
and epidermal tissues. The abnormal mitochondria
can only be identified by the presence of atypical
cristae; no other differences in their fine structure
are observed. In many cases, such mitochondria are
found in close proximity to chloroplasts (Fig. 2A).

Mitochondria represent the energy center of
eukaryotic cells and the main site of ATP synthe-
sis during aerobic respiration producing various
metabolites involved in programmed cell death,
oxidative stress, and other important cellular pro-
cesses (Tang, Zhu, 2023). Most of the ATP required
by the cell is produced by ATP synthases localized
on the inner membranes of mitochondria. These
membranes of a typical mitochondrion have nu-
merous deep folds or indentations called cristae
(singular: crista). In addition to their function in
energy transduction, the F F-ATP synthase su-
percomplexes play a structural role in determining
cristae morphology (Giraud et al., 2002; Paumard et
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al., 2002; Bornhovd et al., 2006; Davies et al., 2012).
This depends on their ability to form dimeric and
higher oligomeric supracomplexes. The use of elec-
tron microscopy and cryo-electron tomography
techniques has revealed the very precise organiza-
tion of these enzymes in eukaryotic species, from
yeasts to vertebrates (Strauss et al., 2008; Velours et
al., 2009; Davis et al., 2012; Anselmi et al., 2018).
ATP synthases have been shown to form dimers,
organized in ribbon-like rows of dimers, that in-
duce curvature along tubule and lamellar edge rows
extending over hundreds of nanometers. These
rows are observed only in cristae, particularly along
their sharply curved edges. Cristae are thought to
increase the membrane area available for oxidative
phosphorylation, and thus they play an important
role in optimizing ATP synthesis (Strauss et al.,
2008; Davis et al., 2012). When ATP synthase oli-
gomers disintegrate, the internal structure of mi-
tochondria is disrupted, the cristae decay, and ab-
normal intramembrane morphologies are observed
(Venkatraman et al., 2023). It has been shown that
the contents of dimeric F,F -ATPase in the mito-
chondria of human placenta correlates with the
atypical cristae morphology (Castillo et al., 2011).

In addition, the IF, inhibitory protein, which
suppresses ATP synthase activity, plays a critical
role in its oligomerization and, consequently, in the
structure of mitochondrial cristae (Campanella et
al., 2008). In vivo studies have shown that IF, ex-
pression in various mammalian cells promotes an
increase in the number of oligomeric aggregates
of ATP synthase. Conversely, its ablation reduces
the content of ATP synthase oligomers, leading to
changes in the structure of mitochondrial cristae
(Romero-Carramifana et al., 2023).

Thus, the critical role of ATP synthase oligomers
and its IF, subunit in maintaining the typical cristae
structure of yeast and mammalian mitochondria
has been established.

Unlike the mitochondria of these organisms, the
mechanisms of cristae formation and the factors
responsible for the atypical structures of plant mi-
tochondria, including C,-pathway mitochondria,
have been the focus of only limited research.

Mitochondria are well known to be directly or
indirectly involved in the C, pathway (Fan et al.,
2022), although it is important to note that their
role varies between different C, subtypes (Yin et al.,
2018). Changes in the mitochondrial dynamics and
cristae structure can be viewed as a mechanism by
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Fig. 2. Ultrastructure of mitochondria in BS cells of leaves of Atriplex tatarica. A: a group of mitochondria (longitudinal
section) located between a cell wall and a chloroplast, in which normal cristae and atypical cristae are distinctive;
B: a transverse section of mitochondria with curved atypical cristae; C: terminal sites of atypical cristae (arrow).
Abbreviations: AC — atypical cristae, C — normal cristae, Ch — chloroplast, CW — cell wall, M — mitochondria
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which the cell regulates mitochondrial function-
al efficiency and respiratory capacity (Baker et al,
2019). The presence of specific cristae in BSC mi-
tochondria has previously been reported in two
Cleome s. |. species with different forms of cristae
anatomy (Koteyeva et al., 2014), although the pres-
ent research seems to be the first to identify atypical
intramembrane structures that differ from normal
cristae in BS cells.

In conclusion, the mitochondrial population
in BSCs of A. tatarica leaves is not homogeneous;
many of the mitochondria have two types of cristae,
both normal and atypical ones. Atypical cristae are
represented by curved plates, which are often ar-
ranged parallel to each other in the central part of
such a structure and are connected in some places;
they are oriented along a longitudinal axis or at
some angles to it in these organelles. The mitochon-
dria have both similar features with analogues in
other species and significant differences from them,
such as the high frequency of occurrence, curved
contours and uneven formation of plates. The close
proximity of such mitochondria to chloroplasts
suggests that they may play an important role in the
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transport of metabolites. It is possible that there is a
morphological and functional connection between
the atypical cristae architecture and their physio-
logical function in BS cells. We believe that these
structures require further investigations, especially
regarding their functions in the cells of the BS tissue
at the subcellular and molecular level.
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ATHNOBi KPUCTU B MITOXOHAPifAX OOKIAANHOK CYAMHHNX IMYYKiB B TMCTKAX
Atriplex tatarica (Chenopodiaceae s. str. | Amaranthaceaes. 1.)

O.M. OENIIOK, H.O. BUTABCBKA, 10.M. AKIMOB, O.K. 30JIOTAPbOBA
IncturyT 6oranikn iMm. M.T. Xonopunoro HAH Ykpainu,
By Tepemenkiscbka 2, Kuis 01601, Ykpaina

Pedepar. EneKTpOHHO-MIKpOCKOIIYHMII aHaMi3 YIbTPacTpyKTypu MUCTKIB Atriplex tatarica (Chenopodiaceae s. str. /
Amaranthaceae s. .) BUABMB XapaKTepHY 0COOMMBICTb MITOXOHAPIN y K/IiTHHAX OOK/IaAMHKM cyAMHHOrO mydka (BS). o-
CTTifKeHHs IMCTKIB A. tatarica, 1[0 po3BUBAOTHC, 3ibpannx y HoBob6innyax CestTommHcbKoro parony micra Kuesa (Ykpa-
{Ha), ITOKa3a/y, 0 BHYTPIlIHA CTPYKTypa MIiTOXOHApil y KIiTuHax BS 3HauHO BifpisHA€TbCA Bif iHmmx kiituH. Barato
MiTOXOHZIpilt BS MatoTh iBa TN KpUCT (HOPMAJIbHI Ta aTUIIOBI). ATUIIOBI KPUCTH TIpeiCTaB/IeH]i BUTHY TUMU TTACTYHKAMIA,
OpIEHTOBAHVMI B3[0BX MO3LOBXHBOI 0Ci ab0 Iix mesikuMu KyTamu fo Hel. Taki MITOXOHZAPII, SIK BUJA€THCSI, LIMPOKO PO3-
MOBCIOZKeHi B kaiTuHax BS mictkiB A. fatarica i € myxe noumpenumu (iiMoBipHO, Bix 70 5o 90%), ane He 6y/u BUSIB/IEH] B
MITOXOH/IpifAX KITHH {HIINX X/IOPeHXIMHMX Ta eMifepMa/bHUX TKaHVH. AHOMa/IbHI MiTOXOHApPIl MOXXHa ifeHTUdiKyBaTH
JIMIIIe 32 HAABHICTIO aTUITOBUX KPUCT; HIINMX BiIMIHHOCTEl Y TOHKIlI CTPYKTYpi He CIloCTepiraeTbcaA. Y 6ararbox BMUITagKax
TaKi MITOXOHJPIi 3HAXOAATHCS B Ge3ocepeHiil 6IM3bKOCTI 0 XIOpOIUIacTiB. MOX/INBO, iCHYE 3B'130K MK apXiTeKTypoo
aTUIIOBMX KPMCT Ta iXHbOIO (isionorivHoo GyHKIli€0, BpaXOBYIOUM Te, IO KIITHHM BS MaloTh JofaTKOBi HOTpeby B eHepril
HOPiBHAHO 3 KTiTMHaMM Me30diny. Bmabke po3TalryBaHHA MiTOXOH/PIil 10 XTOPOIIacTiB y KiiTnHax BS Bkasye Ha Te, 10
BOHIJ MOXYTb BifjirpaBaTyi BOX/IMBY POJIb Y TPAHCIIOPTI eHeprii 60 MeTabomiTiB.

Kmrouosi cmoBa: Atriplex tatarica, C, boTocuHTes, KTTHHN O6OTOHKM CYIMHHOTO TTy4YKa, KPUCTH, MiTOXOHMpIi, ymbTpa-
CTPYKTypa
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