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Nonlinear Analysis as a Calculus

Alexander D. Bruno

ABSTRACT

In the last 60 years, there was formed a universal nonlinear analysis, whose unified algorithms
allow to find asymptotic forms and asymptotic expansions of solutions to nonlinear equations
and systems of different types: algebraic, ordinary differential (ODE), partial differential
(PDE) and systems of mixed-type equations. This calculus contains two main algorithms: (a)
Reducing equations to the normal form and (b) Separating truncated equations, and two kinds
of transformations of coordinate can be used to simplify the obtained equations: (A) Power and
(B) Logarithmic. Here we show that for algebraic equation, single ODE, autonomous system of
ODE’s, Hamiltonian system, single PDE. Some applications are mentioned as well.

Author: Keldysh Institute of Applied Mathematics of RAS, Moscow, Russia. Email: abruno@keldysh.ru

. INTRODUCTION

There are two universal methods for local study of nonlinear equations and
systems of different kinds (algebraic, ordinary and partial differential): (a) normal
form and (b) truncated equations.

(a) Equations with linear parts can be reduced to their normal forms by
local changes of coordinates. For algebraic equation, it is Implicit Function The-
orem. For systems of ordinary differential equations (ODE), I completed the
theory of normal forms, began by Poincaré (1879) [Poincaré, 1928] and Dulac
(1912) [Dulac, 1912] for general systems [Bruno, 1964; 1971] and began by Birkhoff
(1929) |Birkhoff, 1966] for Hamiltonian systems [Bruno, 1972; 1994].

(b) Equations without linear part: I proposed to study properties of solutions
to equations (algebraic, ordinary differential and partial differential) by studying
sets of vector power exponents of terms of these equations. Namely, to select
more simple (“truncated”) equations [Bruno, 1962; 1989; 2000] by means of gen-
eralization to polyhedrons the Newton (1678) [Newton, 1964| and the Hadamard
(1893) [Hadamard, 1893] polygons.

By means of power transformations |[Bruno, 1962; 1989; 2022b| the normal
forms and the truncated equations can be strongly simplified and often solved.
Solutions to the truncated equations are asymptotically the first approximations
of the solutions to the full equations. Continuing that process, we can obtain
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approximations of any precision to solutions of initial equations. Basing on the
developed Asymptotic and Local Nonlinear Analysis, I proposed algorithms for
solutions of a wide set of singular problems. In particular, for computation of
six different types of asymptotic expansions of solutions to ODE [Bruno, 2004;
2018b; Bruno, Goruchkina, 2010], including expansions into trans-series [Bruno,
2019b].

In this article it is shown for a single algebraic equation in Section 2, for a
single ordinary differential equation in Section 3, for an autonomous system of
ODE’s in Section 4, for Hamiltonian system in Subsection 4.5, for a single partial
differential equation in Section 5. A survey of some applications is in Section 6.

From that point of view, the usual Classical Analysis is linear one, because it
considers only linear approximations of problems near known solutions.

. SINGLE ALGEBRAIC EQUATION

2.1. The implicit function theorem: Let X = (z1,...,%n), @ = (q1, -, qn),
then

X0 —afealr, Q=@+t

Theorem 2.1. Let
f(X,e,T) = Sag,(T) X", (2.1)

where 0 < Q € Z", 0 < r € Z, the sum s finite and ag (1) are some functions
of T = (t1,...,tm), besides ap(T) = 0, ap1(T) Z 0. Then the solution to the
equation f(X,e,T) =0 has the form

e = Shp(T)XEL (T, X),

where 0 < R € Z", 0 < ||R]|, the coefficients bp(T) are functions on T that are
polynomials from ag (1) with |Q| +r < ||R|| divided by agﬁR”_l. The expansion

b(T, X) is unique. Let
9(X,6,T) = f(X, 0+ (T, X),T), (2.2)

then g(X,0,T) = 0.

This is a generalization of Theorem 1.1 of [Bruno, 2000, Ch. II] on the implicit
function and simultaneously a theorem on reducing the algebraic equation (2.1)
to its normal form (2.2) when the linear part ag;(7') # 0 is nondegenerate. In it,
we must exclude the values of T" near the zeros of the function ag (7).

Nonlinear Analysis as a Calculus
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Let X = (21,...,2,) € R” or C", and f(X) be a polynomial. A point
X = X% f(X% = 0is called simple if the vector (0f/0xy,...,0f/0x,) in it is
non-zero. Otherwise, the point X = X is called singular or critical. By shifting

X = X"+ Y we move the point X° to the origin Y = 0. If at this point the
derivative O f /Ox, # 0, then near X all solutions to the equation f(X) = 0 have
the form y, = Xby, 4,y -y, that is, lie in (n — 1)-dimensional space.

2.2. Newton's polyhedron: Let the point X° = O be singular. Write the
polynomial in the form

J(X) = SagX?,
where ag = const € R, or C. Let S(f) = {Q : ag # 0}.

The set S is called the support of the polynomial f(X). Let it consist of points
Q1, ..., Qr. The convex hull of the support S(f) is the set

k k
F(f)={Q=Zﬂijaﬂj>0aZNj:1}v (2.3)
j=1

J=1

which is called Newton’s polyhedron.
(d)

Its boundary OI'(f) consists of generalized faces I, where d is its dimension

of 0 < d <n—1and j is the number.

Each (generalized) face ng) corresponds to its:

e boundary subset
d) _ (d)
S, =Snl,”,
e truncated polynomial

FY(X) = SagXx? over Q € S,

e and normal cone
Ul ={P:(PQ)=(P.Q") > (P.Q"),Q,Q 8", Q" e S\SI"}, (24)

where P = (p1,...,p,) € R}, the space RY is conjugate (dual) to the space R"
and (P, Q) = p1q1 + - . . + pn@y is the scalar product.

Nonlinear Analysis as a Calculus
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At X — 0 solutions to the full equation f(X) = 0 tend to non-trivial solutions

of those truncated equations f}d)(X ) = 0 whose normal cone Ug-d) intersects with
the negative orthant P < 0 in R},

Remark 1. If in the sum (2.1) all @ belong to a forward cone C:
<Q,KZ‘>>C¢, 1=1,...,m,

then in the solution (2.2) of Theorem 2.1 all R belong to the same cone C:
(Q,K;) >c¢;,i=1,...,m, |Bruno, 1989, Part I, Chapter 1, § 3.

2.3. Power transformations [Bruno, 1962; 2000.] Let In X déf(ln T, ..., nx,).
The linear transformation of the logarithms of the coordinates

(Inyy,...,Iny,) Yy = (In X)a, (2.5)
where « is a nondegenerate square n-matrix, is called power transformation.

By the power transformation (2.5), the monomial X% tranforms into the
monomial Y2 where R = Q ()" and the asterisk indicates a transposition.

A matrix « is called unimodular if all its elements are integers and det o = +1.
For an unimodular matrix «;, its inverse o~ and transpose o* are also unimodular.

Theorem 2.2. For the face Fﬁd) there exists a power transformation (2.5) with the
unimodular matrix o which reduces the truncated sum f}d)(X ) to the sum from

d coordinates, that is, f;d)(X) = YSQJ(-d)(Y), where gj(-d)(Y) = @;d)(yl, ceyYd) 1S
a polynomial. Here S € Z". The additional coordinates yqi1,...,yn are local

(small).

The article [Bruno, Azimov, 2023| specifies an algorithm for computing the
unimodular matrix « of Theorem 2.2.

2.4. Parametric expansion of solutions:  Let F(d} be a face of the Newton
polyhedron I'(f). Let the full equation f(X) = 0 is changed into the equation

g(Y') = 0 after the power transformation of Theorem 2.2. Thus g(.d)(yl, ceyYd) =

J
g(yla"'ay(boy---go)-

Nonlinear Analysis as a Calculus
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Let the polynomial g; be the product of several irreducible polynomials

m

H W1, - - Ya), (2.6)

=1

where 0 < [ € 7Z. Let the polynomial h; be one of them. Three cases are
possible:

Case 1. The equation hy = 0 has a polynomial solution y3 = @(y1, ..., Yd—1)-
Then in the full polynomial g(Y') let us substitute the coordinates

Yd = ¢ + Zd,

for the resulting polynomial h(yy, ..., Y41, 2d, Yds1 - - -, Yn) again construct the
Newton polyhedron, separate the truncated polynomials, etc. Such calculations
were made in |[Bruno, Batkhin, 2012] and were shown in [Bruno, 2000, Introduc-
tion].

Case 2. The equation h; = 0 has no polynomial solution, but has a parametriza-

tion of solutions
yj:ng(T),jzl,...,d, T:(tl,...,td_l).

Then in the full polynomial g Y (we)substitute the coordinates

where 3; = const, X |3;| # 0, and from the full polynomial ¢g(Y") we get the
polynomial

h=YSag (T)Y"Ye, (2.8)
where Y = ( = 740 < Z. Th
= Wd+1,-- -, Q" = (qat1,--,qn) € U Tr e . us

Yn)s 0
apo(T) =0, ap(T) = ;5 g; )/8%( T).

If in the expansion (5.7) Iy = 1, then ag; Z 0. By Theorem 2.1, all solutions
to the equation A = 0 have the form

e = Sbon(T)Y"Y,

Nonlinear Analysis as a Calculus
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i.e., according to (2.7) the solutions to the equation g = 0 have the form

y; = 0;(T) + B;Sho(T)Y"? j=1,... d.
Such calculations were proposed in |[Bruno, 2018a].

Ifin (5.7) I > 1, then in (2.8) ag1(T) = 0 and for the polynomial (2.8) from
Y" e we construct a Newton polyhedron by support S(h) = {Q",r : agr,(T) #
0}, separate the truncations and so on.

Case 3. The equation hi = 0 has neither a polynomial solution nor a para-
metric one. Then, using Hadamard’s polyhedron [Bruno, 2018a; 2019a|, one can
compute a piece-wise approximate parametric solution to the equation hi = 0
and look for an approximate parametric expansion.

Similarly, one can study the position of an algebraic manifold in infinity.

Il SINGLE ODE [BRUNO, 2004]

3.1 Setting of the problem: Here we consider an ordinary differential equa-
tion of the form

F 2y ™) =0, (3.1)

where z is independent variable, y is the dependent variable, v’ = dy/dx and
f is a polynomial of its arguments. Near 2° = 0 or oo we look for solutions of
equation (3.1) in the form of asymptotic series

Yy = Z b, (3.2)
k=1

where by are functions of logx and ws; > wsp,q with

—1, ifa'=
w{ , a =0, (3.3)

1, if2Y = o0.

We set X = (x,y). By a differential monomial a(z,y) we mean the product
of an ordinary monomial

1

ca"y? & ex R, (3.4)

is called a differential sum. In equation (3.1) polynomial f is the differential sum.

Nonlinear Analysis as a Calculus
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To every differential monomial a (X) one assigns its (vector) ezponent Q(a) =
(q1,q2) € R? by the following rules. For a monomial of the form (3.4) let

Q (CXR) = R,
that is, @ (cx™y") = (r1,72); for a derivative of the form (3.5) let

Q (d'y/dz") = (=1,1).

When differential monomials are multiplied, their exponents are summed as vec-
tors:

Q (a1a2) = Q (a1) + Q (az) .

The set S(f) of exponents @ (a;) of all the differential monomials as(X) in a
differential sum of the form (3.6) is called the support of the sum f (X). Obviously,
S(f) € R%. The closure I'(f) of the convex hull of the support S(f) is referred
to as the polygon of the sum f(X). The boundary OT'(f) of the polygon I'(f)

consists of vertices F;o) and edges F;l). These objects are called (generalized) faces
@

7 0
is the number of the face. Corresponding to any face I

where the superscript indicates the dimension of the face and the subscript
(d)
J

subset Sg-d) =S(f)N Fg.d) of the set S and the truncated sum

are the related boundary

f;d)(X) = Z%(X) over @ (a;) € Sg.d). (3.7)
Let R? be the plane conjugate to the plane R? so that the inner (scalar) product

def
(P,Q) = piqi + p2go

is defined for any P = (p1,p2) € R? and Q = (q1,q2) € R% Corresponding to
any face ng) are its normal cone,

d) _
U,” =

{P: (P.Q)=(P.Q), QQ €S }
(P.Q) > (P.Q"), Q"eS(f)\S\

and the truncated sum (3.7).

Nonlinear Analysis as a Calculus
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All these constructions are applicable to equation (3.1), where f is a differential
sum.

Let x — 0 or x — oo and suppose that a solution of the equation (3.1) has
the form

y=ca" +o(|z]""), (3.8)

where ¢, is a coefficient, ¢, = const € C, ¢, # 0, the exponents r and ¢ are in R,
and ew < 0. Then we say that the expression

y=cz, ¢ #0 (3.9)
gives the power-law asymptotic form of the solution (3.8).

Thus, corresponding to any face F;d) are the normal cone U;d) in R? and the
truncated equation

9x) =o. (3.10)

Theorem 3.1 (|Bruno, 2000, Chap. VI, Theorem 1.1]). If the equation (3.1) has

a solution of the form (3.8) and if w(1,p) € U§~d), then the truncation (3.9) of the
solution (3.8) is a solution of the truncated equation (3.7), (3.10).

Therefore, to find all truncated solutions (3.9) of the equation (3.1), one must
calculate the support S(f), the polygon I'(f), all its faces ng), the outward
normals N; to the edges Fgl) §1)
cones U§0) of the vertices. For each truncated equation (3.7), (3.10) one must
then find all its solutions of the form (3.9) such that the vector (1;r) belongs to

U;d), and single out the solutions of this kind for which one of the vectors £(1,r)

, the normal cones U}’ of the edges, and the normal

belongs to the normal cone U;d). If d = 0, then one of the vectors +(1,r) belongs

to U;d). If d = 1, then this property always holds. Here the value of w is also
determined.

3.2. Solution of the truncated equation: Here we consider separately two

cases: a vertex Fgo) and an edge Fg.l). Corresponding to a vertex F;O) = {Q} is

a truncated equation (3.10) with one-point support ¢ and with d = 0. We set

g9(X) = X_Qf](o)(X). Then the solution (3.7), (3.10) satisfies the equation

Nonlinear Analysis as a Calculus
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9(X) =0

Substituting y = cz” into g(X), we see that g (x,cz”) does not depend on z, ¢
and is a polynomial in r, that is,

g (x,cx") = x(r),

where x(r) is the characteristic polynomial of the differential sum fj@(X ). Hence,
in a solution (3.9) of the equation (3.10) the exponent r is a root of the charac-
teristic equation

x(r) = g(z,2") =0, (3.11)

and the coefficient ¢, is arbitrary. Among the roots r; of the equation (3.11), one
must single out only those for which one of the vectors w(1,r), where w = =+1,

belongs to the normal cone Uéo) of the vertex FE-O). In this case the value of w
uniquely determined. The corresponding expressions of the sum with an arbitrary
constant ¢, are candidates for the role of truncated solutions of the equation (3.1).
Moreover, by (3.3), if w = —1, then x — 0, and if w = 1, then x — oc.

Complex roots r to characteristic equation (3.11) may bring to exotic ezpan-
sions of solutions (3.2), where coefficients by, are power series in x® with real
a € R and i? = —1.

1)
J

normal cone U§1) is aray {AN;,A > 0}. fw(l,r) € Ugl), this condition uniquely
determines the exponent r of the truncated solution (3.9) and the value w = £1
in (3.3). To find the coefficient ¢,, one must substitute the expression (3.9) into
the truncated equation (3.10). After cancelling a factor which is a power of x, we

obtain an algebraic defining equation for the coefficient ¢,

Corresponding to an edge I'} is a truncated equation (3.10) with d = 1 whose

]%(cr) def a:_sf]m (x,c,2") =0

Corresponding to every root ¢, = cq@ = 0 of this equation is an expression of

the form (3.9) which is a candidate for the role of a truncated solution of the
(1)

equation (3.1). Moreover, by (3.3), if in the normal cone U, one has p; < 0,

then x — 0, and if p; > 0, then z — oc.

Thus, every truncated equation (3.10) has several suitable solutions of the
form (3.9). Let us combine these solutions into families that are continuous with

Nonlinear Analysis as a Calculus
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respect to w,r, ¢, and the parameters of the equation (3.1) and denote these
families by F\”k, where k =1,2.. ..

If in the truncated equation (3.10), we make the power transformation

y=alz
and the logarithmic transformation
§ = log,
then we obtain ODE
p(€,2) =0, (3.12)

where ¢ is a differential sum, i.e. it has the form (3.1). If the equation (3.12) has
a solution in the form

00
— 5
Z = E ijj, i > Tjt1,
7=1

then in the expansion (3.2) coefficients by are functions from log z. If by = const,
then it is the power-logarithmic expansion, where other by are polynomials in log x.
If by depends of log x, then all by are power series in log z and the expansion (3.2)
is complicated.

3.3. Computation of solution to equation (3.1) as expansion (3.2)
From the polygon I" of the initial equation (3.1) we take a vertex or an edge Fg-d).

Then we found a power solution y = bz of the truncated equation f;d)(X ) =0,
as it was described above, put

y=bz + 2

and obtain new equation

g(x,2z) =0.
We construct the polygon I for the new equation, take a vertex or an edge 1F,(f),
solve the truncated equation

9z, 2) =0,

and obtain the second term byz™? of expansion (3.2) and so on.

Nonlinear Analysis as a Calculus
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We construct the polygon {I" for the new equation, take a vertex or an edge 1F,<:),

solve the truncated equation

glgze)(xv Z) =0,

and obtain the second term byz!? of expansion (3.2) and so on.

In [Bruno, 2004| there are some properties, that simplify computation.
Thus, we can obtain the 4 types of expansions (3.2) of solutions to equa-
tion (3.1):

1. Power, when all by, = const [Ibid.[;
2. Power-logarithmic, when by = const and other by, are polynomial in log « [Ibid.];

3. Complicated, when all by, are power series in log x |[Bruno, 2006; 2018b];
4. Exotic, when all b, are power series in z'® [Bruno, 2007].

Except expansions (3.2) of solutions y(x) of equation (3.1), there are ezponen-
tial expansions

y =Y bi(x)exp [ky(z)],

where by (x) and ¢(z) are power series in x [Bruno, 2012a,b|.

Also there are solutions in the form of transseries |Bruno, 2019b].
These results were applied to 6 Painlevé equations [Bruno, 2015; 2018b,c;
Bruno, Goruchkina, 2010].

Written as differential sums they are:
Equation Pi: f(z,y) def —" + 3%+ 1z =0.
Equation P: f(z,y) g —y" 4+ 2y° + 1y +a = 0.
. def " 2 / 3 4 L
Equation P5: f(z,y) = —2yy" +2y” —yy +ay” + by + cey” +dx = 0.

def
Equation P;: f(z,y) = —2yy" + y? + 3yt + 8xy® + 4(2* — a)y? +2b=0.

Nonlinear Analysis as a Calculus
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Equation Ps:

f(z,w) Bt _ Z2w(w — Dw” + 22 (;w — %) (w')? = zw(w — Duw'+

+ (w — 1) (aw?® 4 B) + yzw?(w — 1) + §2%w*(w + 1) = 0.

Equation Fjy:

flay) = 2y"e (@ = 1)%y(y — Dy — o) — ()’ 2*(x = 1)y = )y — )+
+at(e —1)°y(y —x) +2*(z — 1)°y(y — 1) |+
+2y [ 2(x = 1)*y(y — )y —2) +2°(x = Dy(y — D(y — )+
+af (e = 1)y — 1) ] = [200%(y = D)*(y — 2)* + 282(y — 1)*(y — )°+
+2y(z = DyP(y — 2)* + 20z(x — 1)y*(y — 1)*] = 0.

Here a,b,c,d and «, 3,7, are complex parameters. If all they are nonzero,
then polygons for these equations are shown in Figures 1, 2, 3.

QA Y\

=

0 1
P1 P2

=Y

0 1

Figure 1. Supports and polygons for equations P; (left), P; (right).

3.4. Normal form. Roots r; & A; of the equation (3.11) are called as eigen-
values of the differential sum f}o)(X ), corresponding to the vertex. If the differ-

ential sum f;o)(X) has order [, then the characteristic equation (3.11) has [ roots,
0<Il<n.

Theorem 3.2. Let

1) f(X) be a polynomial in z,y, ... ,y";
2) its polygon U'(f) have a vertex F§0> = (v,1) at the left side of its boundary
or';

Nonlinear Analysis as a Calculus
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3) truncated differential sum ffo)(X) have eigenvalues A1,..., A\, 0 <[ < n;
4) the most left point of the support S(f) in the axis go = 0 be (o, 0). Ewvidently

o € 7.

Then there exists such power series p(x) with integral increasing exponents, that

after substitution
y=2z+¢()
the transformed differential sum
9(x,z) = f(z,z + ¢(x))

for

has only resonant terms b,,x", where

m=v+ A\, €7Z

and m > «.

So here the eigenvalue A\ is resonant if « — v < A\ € Z.

(3.13)
(3.14)
(3.15)
(3.16)
42
’ — o I &
Py

Figure 2: Supports and polygons for equations P; (left), P, (right).
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Theorem 3.3. Let
n)

1) f (x,y,y’, . ,y(”)) be a polynomial in z,y.v/, ..., y";

2) its Newton polygon T'(f) have a vertex F%O) = (v, 1) at the right side of its
boundary O1';

3) truncated differential sum f;o)(X) have eigenvalues A1, ..., A, 0 <1 <mn;

4) the most right point of the support S(f) in the axis go = 0 be (5,0).
FEuvidently g € 7Z.

Then there exists such power series p(x) with integral decreasing exponents, that
after substitution (3.13), the differential sum (3.14) for identities (3.15) has only
resonant terms b,x™, where equality (3.16) is true, and m < f3.

So here the eigenvalue A is resonant if 5 —v > A\ € Z. Equations g(z,z) =0
for (3.14) in situations of Theorems 3.2 and 3.3 we will call normal forms.

Corollary 3.3.1. If the truncated sum f;o)(X) has no integral eigenvalue A\ >
a—v (for Theorem 3.2) or A\, < B—v (for Theorem 3.3), then the initial equation

f(X) = 0 has formal solution y = p(x). If the truncated sum f;o)(X) contains

the derivation y™, then the series p(x) converges according to Theorem 8.4 in
[Bruno, 200/].

Remark 2. If the truncated sum f;o) (X) has integral eigenvalue A\ > o — v (for
Theorem 3.2) or A\, < f—wv (for Theorem 3.3), then the initial equation f(X) =0

q2

1 @1
P

Figure 3: Supports and polygons for equations P5 (left), Ps (right).
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3.5. Space Power Geometry: We will consider such a generalization of the
power function cz” which preserves their main properties. The real number

— log|p(z)|
) —w Tm =122
polplr)) =w lm

where arg x = const € [0, 27), is called the order of the function ¢(x) on the ray
when x — 0 or £ — 0o. The order p,(¢) is not defined on the ray argx = const,
where the limit point x = 0 or x = 0o is a point of accumulation of poles of the
function p(x).

In Subsections 3.2-3.4 it was shown that as + — 0 (w = —1) or as x — o0
(w = 1) solutions y = p(x) to the ODE f(x,y) = 0, where f(z,y) is a differential
sum, can be found by means of algorithms of Plane PG, if

po(p(z)) =1 =p, (dlgo/d:cl) , l=1,...,n,

where n is the maximal order of derivatives in f(x,y). Here we introduce algo-
rithms, which allow calculate solutions y = ¢ (x) with the property

polp(@) + o = po (dpfdal) . 1=1,....m,
where 7, € R, w = %1.

Lemma 3.3.1. If

2

Pu(P(2)) = = + pu(¥'(2)) = =270 + pu(¢”(2)),
then w 4+ w7y, = 0.

Note, that in Plane PG we had v, = —1, i. e. w+w~, = 0. So, new interesting
possibilities correspond to w + w7y, > 0.

We consider the ODE
f(.%', y) = Zai(xay) =0,
where f(x, y) is a differential sum. To each differential monomial a;(z,y), we

assign its (vector) power exponent Q(a;) = (qi,q2,q3) € R3 by the following
rules:

Q (cx"1y"2) = (11, 12, 0);  Q(d'y/dz") = (0, 1, 1);
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power exponent of the product of differential monomials is the sum of power
exponents of factors: Q(aia2) = Q(a1) + Q(as).

The set S(f) of power exponents Q(a;) of all differential monomials a;(x, y)
presented in the differential sum f(x,y) is called the space support of the sum
f(z,y). Obviously, S(f) € R®. The convex hull T'(f) of the support S(f) is
called the polyhedron of the sum f(x,y). The boundary OT(f) of the polyhedron

I'(f) consists of the vertices I‘E.O)) the edges I‘y) and the faces I‘;z). They are
called (generalized) faces Fg.d) , where the upper index indicates the dimension of
the face, and the lower one is its number. Each face I‘;d)
truncated sum

corresponds to the space

F0@.y) =Y ai(w.y) over Q(a;) € TV N S(f).

The approach allows to obtain solutions with expansions (3.2), where coef-
ficients by(x) are all periodic or all elliptic functions [Bruno, 2012¢,d; Bruno,
Parusnikova, 2012|.

Expansions of solutions to more complicated equations such as hierarchies
Painlevé see in [Anoshin, Beketova, (et al.), 2023; Bruno, Kudryashov, 2009].

For Painlevé equations P; — P5 with all parameters nonzero, their polyhedrons
are shown in Figures 4, 5, 6, 7, 8 correspondingly:.

0 q1

Figure 4: Support and polyhedron for equation P;.
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V.  AUTONOMOUS ODE SYSTEM
Here we consider the system

where " = d/dt, X = (x1,...,z,) € C" or R", all f;(X) are polynomials from
X. A point X = XY = const is called singular if all f;(X°)=0,i=1,...,n.

4.1 Normal form: Let the point X° =0 be a singular point. Then the system
(4.1) has the linear part

X = XA,

where A is a square n-matrix. Let A = (Aq,..., \,) be a vector of its eigenvalues.

Theorem 4.1 (|Bruno, 1964; 1971, 1972|). There exists an invertible formal
change of coordinates

ZCZ'ZQOZ'(Y), i=1,...,n,

where ©;(Y') are power series from'Y = (y1,...,y,) without free terms, which
reduces the system (4.1) to normal form

Ui = y0:(Y) = yi ZgiQyQ, i=1,...,n, (4.2)

London Journal of Research in Science: Natural and Formal

Figure 5: Support and polyhedron for equation P.
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containing only resonant terms yigiQYQ, which have
(Q,A) =0. (4.3)

Here y;g;(Y') are power series on'Y without free terms.

Let
Ni:{QEZn:Qj>Oaj7éi7Qi>_1}7i:17"'7n7

and N = NyUNs;U---UN,. Then the number k of linearly independent ) € N
satisfying the equation (4.3) is called multiplicity of resonance.

Theorem 4.2. Let k be the multiplicity of resonance of the system (4.1). Then
there exists a power transformation

InZ=(nY)«
with unimodular matriz o which reduces the normal form (4.2), (4.3) to the system
(ln'zz-) =hi(y, -, yk), i=1,...,n,

in which the first k coordinates form a closed subsystem without a linear part, and
the remaining n — k coordinates are expressed via them by means of integrals.

Thus, if A # 0, then the original system (4.1) of order n can be reduced to a
system of order k, but without the linear part.

Figure 6: Support and polyhedron for equation Ps.
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4.2. Newton's polyhedron [Bruno, 1962, 2000]. Let’s write the system (4.1) as
lnxl ZaZQXQ i=1,...,n, (4.4)

and put Ag = (a1, - - ., anQ)-

The set
S ={Q: Aq # 0}

is called the support of the system (4.4). Its convex hull I' (2.3) is its Newton’s
polyhedron. Its boundary OI' consists of generalized faces Fg-d) of dimensions d,
0 <d<n-—1, and with numbers j.
Each generalized face Fﬁd) corresponds to:

e boundary subset Sid) = 1) NS,

e truncated system

(InX)=AP(X) =" Aex? over Q € 817, (4.5)

e normal cone U;d) C R? (2.4) and

e tangent cone T(d>

According to [Bruno, 2000, Chapt. 1, §2] let d > 0 and Q) be the interior point

(d)

of a face I';”, that is, C? does not lie in a face of smaller dimension. If d = 0, then

Nonlinear Analysis as a Calculus

© 2023 London Journals Press Volume 23 | Issue 5 | Compilation 1.0

London Journal of Research in Science: Natural and Formal




London Journal of Research in Science: Natural and Formal

Figure 7: Support and polyhedron for equation Pj.

~

Q = FSO). The conic hull of the set S — @

Tj(d)Z{QZ,LLl <Q1—C§>+---+,UJk(Qk—@)a/«Lh---a,Uk2076217--‘7@1@68}

is called the tangent cone of the face F(-d), 0<d<n—1, Tj(d) C R™.

J
(d)

Theorem 4.3. For each generalized face L', there exists power transformation

InY =(nX)«
with the unimodular matriz o and change of time
dr = X*dt,
R € 7, which reduce the system (4.4) to the form
d(InY) /dT = B(Y), (4.6)
where the system

d(InY) /dT = Bg(.d)(Y) = E(d)(yl, oY) =B, -, ya,0,...,0),  (4.7)

J J

corresponds to the truncated system (4.5).
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Figure 8: Support and polyhedron for equation Ps.

If the face F;d) had normal and tangent cones Ugd) and Tj(d), then the truncated
system (4.7) has normal and tangent cones f]g-d) and fj(d), which are obtained from

U§d) and Tj(d) by conjugate linear transformations.

4.3. Generalized normal form [Bruno, 2022b]: Let the point
W yg £ 0 (4.8)

be singular for the truncated system (4.7). Near the point (4.8), the local coordi-
nates are

ZZ:yl_y?7 izl)"'7d7
2=y, Jj=d+1,... n.

Let at the point Z = (z1,...,2,) = 0 the eigenvalues of the matrix of the

linear part of the system (4.7) are A= (5\1, L )\n>, where \i,..., \g are the

eigenvalues of the subsystem of the first d equations.

Theorem 4.4. There exists an invertible formal change of coordinates

ZZZQOZ(W), izl,...,n,
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where W = (wy, . .., w,) which reduces the system (4.6) to the generalized normal

form
w; = wic;(W) :wiZCiQWQ, i=1,...,n, (4.9)

where

<Q,K> =0 and Qe T\ nz". (4.10)

Here o; = w; Y. pigW?, i =1,...,n, where Q € Tj(d) NZ".

The system (4.9), (4.10) is reduced to a system of lower order by the power
transformation of Theorem 4.2 .

4.4. Analysis of singularities: Let X = X° be a singular point of the system
tem (4.1). Two cases are possible:

Case 1. A # 0, then by Theorem 4.1 we reduce the system to a normal form,
then by Theorem 4.2 we reduce the normal form to a subsystem of order k£ < n
without linear part and obtain the problem of studying its singular points.

Case 2. A =0, then we compute the Newton polyhedron and separate trun-
cated systems in which the normal cone U intersects the negative orthant of
P < 0. Each of them is reduced to the form (4.6), (4.7) by the transformation of
Theorem 4.3. For each singular point (4.8), we apply Theorem 4.4 and obtain a
subsystem of smaller order.

Continuing this branching process, after a finite number of resolution of sin-
gularities we come to an explicitly solvable system from which we can understand
the nature of solutions of the original system.

But Theorem 4.3 can be applied to the original system (4.1), i.e. to each of
the generalized faces T of its Newton polyhedron I'. Then to each singular
point (4.8) we apply Theorems 4.4, 4.2 and reduce the order of the system. Here
also through a finite number of steps of the singularity resolution we come to an
explicitly solvable system. This allows us to study the singularities of the original
system in infinity. This is the basis of the integrability criterion in [Bruno, Enderal,
2009; Bruno, Enderal, Romanovski, 2017].

The normal form can be computed in the neighborhood of a periodic solution
or invariant torus [Bruno, 1972, 11, §11], [Bruno, 2022a].

See [Bruno, Batkhin, 2023] for similar computations for a system of partial
differential equations.
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4.5. Hamiltonian system: Tt has the form

and is defined by one Hamiltonian function H(x,y), where x = (z1,...,T,),
y = (y1,...,Ym). Here the normal form of the system (4.11) corresponds to the
normal form of one Hamiltonian function. See details in [Bruno, Batkhin, 2021].

V. ONE PARTIAL DIFFERENTIAL EQUATION

5.1. Support [Bruno, 2000 Ch.6-8]: Let X = (x1,...,x,) € C" or R" be
independent variables and y € C or R be a dependent one. Consider Z =

(21, s Zny Zna1) = (T1y - - o Ty Y).
Differential monomial a(Z) is called a product of an ordinary monomial

R_ 71 Tn+1
cZ" =czt oz,

where ¢ = const, and a finite number of derivatives of the following form

Oy au 'y
ol - g,  OXL

0<L ez li=1,L=(h,....1).
j=1

Vector power exponent Q(a) € R" corresponds to the differential monomial
a(Z), it is constructed according to the following rules:

Q(C) - Ov lf C # 07 Q (ZR) = R; Q (3ly]/5XL) - (—L, 1)
The product of monomials corresponds to the sum of their vector power exponents:

Q(ab) = Q(a) + Q(b).

Differential sum is the sum of differential monomials
F(2) =) a(2). (5.1)

If f(Z) has no similar terms, then the set S(f) = {Q(ax)} is called support of
the sum (5.1).
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5.2. Resonant monomials: Let the support S(f) of the differential sum (5.1)
consists of one point E,, ;1 = (0,...,0,1). Then the substitution

y=cX", P=(p,....,p.) €ER" (5.2)
in the differential sum f(Z) gives the monomial
cwp(P)XT
where wp (P) is a polynomial of P which coefficients depend on P.

Monomial (5.2) will be called resonant for f(Z) if for it

wp(P) = 0.
Let py be the maximal order of the derivative over x in f(Z), k=1,...,n.
Ifin P=(p1,...,0n)
Dk = ks kzl?"'?”? (53)

then
f(Z) = ex(P) X",

where y (P) is the characteristic polynomial of the sum of f(Z) and its coefficients
do not depend on P. But if the inequalities (5.3) are not satisfied, then wp(P) #

X(P).
0 0>
Example. Let n =2, f(Z) = a:la—fl + x%a—x‘%
If P=(1,1), then f(x1,z9,cr129) = cT129.
If P =(1,2), then f(z1, s, ca123) = ¢ (x125 + 21 - 23 - 2) = ¢ - 3wy23.

Generally here for py > 1, py > 2 we have f(x1,x2, cx122) = c[p1 + p2(p2 —
D]at'zy* and x(P) = p1 + pa(p2 — 1).

5.3. Normal form: For a differential sum f(Z) we denote by fr(Z) the sum
of all differential monomials of f(Z) which have n + 1 coordinate ¢,41 of vector

power exponents = (qi,...,qn,n+1) equal to k: ¢,11 = k. Denote Z'} =
{P:0< PeZ"}.

Consider the PDE
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Theorem 5.1. Let
F(2) =Y f(2),

where all S(fy) C Z't X {qn+1 = k}. Suppose

1. fo(Z) = p(X) is a power series from X without a free term,
2. f1(Z) = a(2)+b(Z), where S(a) = E,1 = (0,...,0,1), S(b) C (Z}'\0) x
{qn+1 =1}

Then there exists a substitution y = ( + (X)), where (X) is a power series
from X without a free term, which transforms the equation (5.4) to the normal
form

9(X, Q) =0, (5.5)
where go(X) = > cp X is a power series without a free term, P € Z'. containing

only resonant monomials cp X for sum a(Z).

Corollary 5.1.1. If the sum a (P) has no resonance monomials cX* with P €
7%, P #0, then go(X) =0 and

y=wX)
is the formal solution to the equation (5.4).
If in equation (5.4) differential sum does not contain derivatives, then
a(Z) = const - z,,.1 = const - y.

Hence a(Z) has no resonant monomials and in the normal form (5.5) the series
9)(X) = 0. So Theorem 5.1 gives the Implicit Function Theorem 2.1 without 7',

If in Equation (5.4) n = 1, then Theorem 5.1 gives Theorem 3.2.

5.4. Polyhedron and truncated equations: Closure of a convex hull

P ={Q=2"0Q1Q €SN > 0.\ =1}

of the support S(f) is called the polyhedron of sum f(Z). The boundary OT' of
the polyhedron I'(f) consists of generalized faces ng), where d = dim F§d). Each

d
face I‘; ) corresponds to normal cone

J
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where the space R is conjugate to the space R (. .) is the scalar product,

and truncated sum
Zak )by Q(ax) EI‘ ﬂS

Consider the equation

f(Z) =0, (5:6)
where f is the differential sum. In the solution of equation (5.6)
y = ¢(X), (5.7)

where ¢ is a series on the powers of x; and their logarithms, the series ¢ cor-
responds to its support, polyhedron, normal cones u; and truncations. The log-
arithm Inz; has a zero power exponent on x;. The truncated solution y = ¢
corresponds to the normal cone

u C R
Theorem 5.2. If the normal cone u intersects with the normal cone (5.2), then

the truncation y = @(X) of the solution (5.3) satisfies the truncated equation

F9z) =o. (5.8)

J

5.5. Power transformations: To simplify the truncated equation (5.8), it is
convenient to use a power transformation. Let a be a square real nondegenerate
block matrix of dimension n + 1 of the form

o = a11 Q19
O 929 ’

where aq1 and a9 are square matrices of dimensions n and 1, respectively. We
denote InZ = (In zy,...,Inz,.1), and by the asterisk * we denote transposition.

Variable change.
InW=(InZ%2)« (5.9)

is called the power transformation.

Theorem 5.3 ([Bruno, 2000]). The power transformation (5.5) reduces a differ-
ential monomial a(Z) with a power exponent Q(a) into a differential sum b(W)
with a power exponent Q(b):
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Corollary 5.3.1. The power transformation (5.9) reduces the differential sum (2.1)
with support S(f) to the differential sum g(W) with support S(g) = S(f)a~1*,
1.e.

Theorem 5.4. For the truncated equation

£%z)=0

there is a power transformation (5.9) and monomial ZT that translates the equa-
tion above into the equation

gW)=2"f;(2) =0,
where g(W) is a differential sum whose support has n+ 1 — d zero coordinates.

5.6. Logarithmic transformation: Let z; be one of the coordinates =z or y.
Transformation

Cj = anj

is called logarithmic.

Theorem 5.5. Let f(Z) be a differential sum such that all its monomials have
a jth component q; of the vector exponent of degree QQ = (qi, ..., Gm+n) equal to
zero, then the logarithmic transformation (5.1) reduces the differential sum f(Z)
into a differential sum from zi,...,(, ..., 2p.

London Journal of Research in Science: Natural and Formal

5.7. Calculating asymptotic forms of solutions: A truncated equation

f}n)(Z ) = 0 is taken. If it cannot be solved, then a power transformation of the
Theorem 5.4 and then a logarithmic transformation of the Theorem 5.5 should
be performed. Then a simpler equation is obtained. In case it is not solvable
again, the above procedure is repeated until we get a solvable equation. Having
its solutions, we can return to the original coordinates by doing inverse coordi-
nate transformations. So the solutions written in original coordinates are the
asymptotic forms of solutions to the original equation (5.2).

In [Bruno, Batkhin, 2023] method of selecting truncated equations was applied
to systems of PDE.

Traditional approach to PDE see in [Oleinik, Samokhin, 1999; Polyanin, Zhurov,
2021].
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VI, APPLICATIONS

Here we provide a list of some applications in complicated problems of (c)
Mathematics, (d) Mechanics, (e) Celestial Mechanics and (f) Hydromechanics.

(c) In Mathematics: together with my students I found all asymptotic expan-
sions of five types of solutions to the six Painlevé equations (1906) [Bruno, 2018c;
Bruno, Goruchkina, 2010| and also gave very effective method of determination of
integrability of ODE system [Bruno, Enderal, 2009; Bruno, Enderal, Romanovski,

2017).

(d) In Mechanics: 1 computed with high precision influence of small mutation
oscillations on velocity of precession of a gyroscope [Bruno, 1989] and also studied
values of parameters of a centrifuge, ensuring stability of its rotation [Batkhin,
Bruno, (et al.), 2012].

(e) In Celestial Mechanics: together with my students I studied periodic solu-
tions of the Beletsky equation (1956) [Bruno, 2002; Bruno, Varin, 2004|, describing
motion of satellite around its mass center, moving along an elliptic orbit. I found
new families of periodic solutions, which are important for passive orientation of
the satellite |[Bruno, 1989], including cases with big values of the eccentricity of the
orbit, inducing a singularity. Besides, simultaneously with [Hénon, 1997], I found
all regular and singular generating families of periodic solutions of the restricted
three-body problem and studied bifurcations of generated families. It allowed to
explain some singularities of motions of small bodies of the Solar System [Bruno,
Varin, 2007]. In particular, I found orbits of periodic flies round planets with close
approach to the Earth [Bruno, 1981].

(f) In Hydromechanics: 1 studied small surface waves on a water |[Bruno,
2000, Chapter 5|, a boundary layer on a needle [Bruno, Shadrina, 2007], where
equations of a flow have a singularity, and an one-dimensional model of turbulence
bursts [Bruno, Batkhin, 2023].
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. BACKGROUND

Listeria monocytogenes is a saprophyte that is ubiquitously distributed in the environment. With the
modern development of the food industry, L. monocytogenes has become an actual food-borne
pathogen, being psychrophilic and salt-tolerant [1]. Entering the human body through foodstuffs and
ready-to eat (RTE) foods, L. monocytogenes causes fecal carriage, as was detected in 10% of humans
from an independent cohort of 900 healthy asymptomatic donors [2], or listeriosis at high levels of
contamination (> 1000 cfu/g) [3]. A more severe form of the disease is invasive listeriosis, which has
a high mortality rate (20%—30%) [4]. This form of the disease affects the elderly, the
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immunocompromised (patients undergoing treatment for cancer, AIDS and organ transplants),
pregnant women and their unborn or newborn infants [4, 5]. Defining the age limits of the elderly
group, Mook et al. concluded that age >60 years was associated with an increased risk for listeriosis in
England and Wales [5]. According to Goulet et al., the age of the high-risk group with no underlying
conditions was >65 years in France [6]. Immunosenescence in the elderly is associated with declines
in adaptive and innate immunity [7]. Immunocompromised persons have suppressed T-cell-mediated
immunity as a consequence of the treatment [5]. The decrease in the number of helper T cells in the
second and third trimesters of normal pregnancy is evidence of immunodeficiency in pregnant
women [8]. In addition, in pregnancy, in the second and third trimesters, the gastrointestinal (GI)
tract undergoes a series of changes, the root cause of which is a decrease in intestinal motility [9]. GI
motility plays a key role in mucus renewal. The mucus is the first line of defense against the
infiltration of microorganisms [10]. It coats the interior surface of the GI tract, lubricates luminal
contents and physically entraps bacteria, sweeping ingested bacteria out of the small bowel into the
colon [11]. Decreased GI motility results in the enrichment of the mucus with Proteobacteria and
Actinobacteria (in October 2021, the valid names became Pseudomonadota and Actinomycetota [12]),
and in the reduction in the health-related bacterial abundances [13]. Alterations in the mucus
microbial community result in a decrease in the production of protective factors including short chain
fatty acids (SCFAs), in particular, acetate and formate, which have antimicrobial properties against
enteric pathogens [11], and butyrate, which has anti-inflammatory effects [13].

Neurological disorders, stress, and antibiotic treatment are also accompanied by a reduction in the
mucus-associated gut microbiota layer and mucus secretion [10, 14, 15]. The damage to the GI
mucosa could be caused by viral pathogens often having seasonal patterns [16, 17]. Schwartz et al.
were the first to analyze the association of invasive listeriosis with the consequences of a viral
infection in Philadelphia between 1 December and 1 April 1987, i.e., during the period of the epidemic
rise in the incidence of influenza virus in the Northern Hemisphere [17]. The subsequent years of
intensive study into the microbial communities in different environmental niches within human
bodies demonstrated the effects of viral infections on both the gut and respiratory microbiome.
Influenza infection, for instance, has been found to result in significant changes in the gut
microbiome, despite the lack of detectable virions in the GI tract [18]. Furthermore, according to
Bortel et al. pulmonary infection triggers the production of IL-10 by Ncri+ cells, which could be a
factor that increases the survival of invasive L. monocytogenes [19].

At the end of 2019, humanity faced a new virus, SARS-CoV-2, which caused severe respiratory
coronavirus disease 2019 (COVID-19), reaching pandemic levels on March 11 2020 [20]. In 2020,
Xiao et al. and other researchers provided evidence for the GI infection of SARS-CoV-2 [21,22,23]. A
cell receptor for SARS-CoV-2, angiotensin-converting enzyme 2 (ACE2) protein, was demonstrated to
be abundantly expressed in the glandular cells of gastric, duodenal, and rectal epithelia, supporting
the entry of SARS-CoV-2 into the host cells [21, 23]. Among the hospitalized patients infected with
SARS-CoV-2, 53.42% tested positive for SARS-CoV-2 RNA in their stool, and more than 20% of
patients with SARS-CoV-2 remained positive for viral RNA in feces even after the test results for viral
RNA in the respiratory tract became negative [21]. Furthermore, SARS-CoV-2 infection causes an
alteration of intestinal permeability, resulting in enterocyte dysfunction [22]. These data suggest a
direct effect of SARS-CoV-2 on the gut microbiota, in addition to in-direct effects via the gut—lung
axis [24, 25].

Previously, we showed the impact of respiratory viral infections on the incidence of invasive listeriosis
in a metropolis in 2018/2019. L. monocytogenes of phylogenetic lineage (PL) II prevailed in the
groups of cases that occurred when the epidemic threshold for influenza was crossed during the
2018/2019 season. Listeria pneumonia identified in the senior age group occurred during the season
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of autumn acute respiratory viral infections and was primarily caused by L. monocytogenes of PLI
[26]. It is strains of PL I and II that cause the majority of human illness, despite the fact that the
population of L. monocytogenes consists of four divergent lineages (I- IV) [27].

The aim of this study was to research the impact of the COVID-19 pandemic on the incidence of
invasive listeriosis in the same metropolis, comparing the spectrum of the Listeria genotypes that
previously caused the disease with the spectrum of the Listeria pathogens identified during the
COVID-19 pandemic.

Il RESULTS

The monitoring of the clinical and food-borne L. monocytogenes isolates started in November 2018 in
a large metropolis with a population of 20.4 million (https://mosstat.gks.ru/folder/64634 / (accessed
on 24 July 2022)). The COVID-19 pandemic divided our study into two periods: before the pandemic
(November 2018—October 2019) and during the pandemic (March 2020-January 2022). Since
SARS-CoV-2 was constantly mutating during the pandemic, we characterized the stages of the
pandemic by the number of genotypes (pangolineages) circulating at the same time.

1. The analysis of the change in SARS-CoV-2 pangolineages in the Moscow metropolis.

The large amount of data on SARS-CoV-2 sequences related to the Moscow region, presented in the
GISAID EpiFlu™ Database (http://gisaid.org / (accessed on 24 July 2022)) including our own data
(EPI_ISL_421275, EPI_ISL 1708505, EPI_ISL 1708506, EPI_ISL_1708510 - EPI_ISL_1708519,
EPI_ISL 1731043 - EPI_ISL_ 1731045, EPI_ISL_2322757 - EPI_ISL_2322762, EPI_ISL_2356912,
EPI_ISL_ 2356913, EPI_ISL_ 3102159, EPI_ISL_9058873, EPI_ISL_9058988 - EPI_ISL_9058990,
EPI_ISL_9058992), indicates that the pandemic period included in our observation can be divided
into two stages (Figure 1) in accordance with the number of simultaneously circulating pangolineages
of SARS-CoV-2. At the first stage, from the beginning of the pandemic until the beginning of June
2021, various pangolineages were circulating: B.1.1 B.1.1.523, B.1.1.397, B.1.1.294, B.1.1.336, the
Moscow endemic variants B.1.1.317, B.1.1 .141, and subsequently Alpha B.1.1.7 (VOC, the variants of
concern) [28].

250000

Variely of pangolineages T VOC R ——
200000
150000

100000

50000

; e T ]

SARS-CoV-2

Novel SARS-CoV-2 daily cases

29

SARS-CoV-2

01.03.2020
01.06.2021
01.03.20

Figure 1: The stages of the COVID-19 pandemic. VOC—the variants of concern
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At the second stage, from the beginning of June 2021 to the end of January 2022, VOC dominated in
the Moscow region, successively replacing each other. The frequency of Delta (B.1.617.2) strain among
the Moscow region samples had been growing since March 2021, and reached 80.0% in June, and
98.0% in early July 2021 [29, 30]. The Omicron strain (B.1.1.529), which appeared on December 3
[29], reached a frequency of 49.2% on January 4 and 90.1% on January 14 (https://www.
youtube.com/watch?v=u-_NDK4DCLU / (accessed on 24 July 2022)).

2. Comparison of L. monocytogenes of two periods of time: before the pandemic and during the
pandemic.

March 2020 - May 2021

H=3,3 FLI {7

[1]

2018-2019 The whole period of COVID-19

H=34; PLI 35%

H=LA;PLIF.

June 2021 - January 2022

H=14: PLI21%:

v

El L. monocytogenes genolype spectrum in three observation
periods

a1) before the COVID-19 pandemic, 2018-2019; a2) during the COVID-19 pandemic, March 2020—May 2021;
a3) during the COVID-19 pandemic, June 2021—January 2022; a4) during the COVID-19 pandemic as a whole.
b) L. monocytogenes genotype spectrum in three observation periods: I—before the COVID-19 pandemic,
2018-2019; II—during the COVID-19 pandemic, March 2020 May 2021; III—during the COVID-19 pandemic,
June 2021 - January 2022. The genotypes of the first phylogenetic lineage are highlighted with hatching and
shadow. H—the Shannon diversity index; PLI—phylogenetic lineage I; ST—sequence type.

Figure 2: L. monocytogenes genotypes identified during the observation periods.
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In the period before the pandemic, the autochthonous ST7 of PLII prevailed, while ST6 (PLI) was the
second most prevalent (Fig. 2a1, 2b), (Table S1). If ST7 is typical in Russia (with the exception of the
Far East Federal District (FD)) for isolates from food and the environment [31,32], then the sources of
ST6 have not yet been found. L. monocytogenes of this genotype is absent in food from domestic
production in the Moscow region [31]. In perinatal listeriosis, only listeria of these two STs were
found (Fig. 3a), while in invasive listeriosis in the older age group (meningitis and sepsis), three more
STs of PLII and two STs of PLI added diversity (Fig. 4a). In general, during the period before the
pandemic, L. monocytogenes of STs of PLII prevailed, which is typical for the population of listeria in
most of the territories of the Russian Federation. Only in the Far East FD did listeria of PLI
predominate both in the environment and among the clinical isolates [33, 34].

Perinatal listeriosis EI Perinatal listeriosis
2018-2019 2020-2022
H=0.95; PLI=38% H=2,90: PLI=57%

5T194
22%

a)—before the COVID-19 pandemic, 2018-2019; b)—during the COVID-19 pandemic.
H—the Shannon diversity index; PLI—phylogenetic lineage I; ST—sequence type

Figure 3: L. monocytogenes genotypes causing invasive perinatal listeriosis.
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EI Invasive listeriosis (meningitis, EI Invasive listeriosis (meningitis,
sepsis) 2018-2019 sepsis) 2020-2022

H=2.8; PL 36%

H=2.,9; PL 18%
ST1
6%
ST7
28%

a)—before the COVID-19 pandemic, 2018-2019; b)—during the COVID-19 pandemic.
H—the Shannon diversity index; PLI—phylogenetic lineage I; ST—sequence type

Figure 4: L. monocytogenes genotypes causing meningitidis and sepsis.
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From the eight genotypes of PLII, only two STs (7 and 14) coincided with those identified in the
period before the pandemic (Figure 2b). From the STs that appeared during the pandemic (Figure
2a4), ST451 was attributed only to perinatal listeriosis. ST451 was new in the Central FD in January
2021. In August 2021, the strain with the same ST and internalin profile (IP), including inlA, inlB,
inlC, and inlE, was isolated from a lightly salted salmon fillet imported from the Faroe Islands.
However, in 2016/2017, L. monocytogenes ST451 was also isolated in the Northwestern FD in the
case of perinatal listeriosis (ID 37701) [35], and from chilled beef of unknown origin (ID 42266) [35].
It should be noted that comparative analysis of the sequences of internalin A demonstrated that
isolates of ST451 had the same N187S substitution in the leucine-rich repeat (LRR) 5 domain as the
strains of PLI. This is important for internalin A—E—cadherin interaction, which is exploited by L.
monocytogenes for the invasion of enterocytes and to cross the placental barrier [36].

The two more STs, 21 and 8, were revealed not only in the perinatal listeriosis group (Figure 3b), but
in the meningitis and sepsis group too (Figure 4b). Previously, ST21 was not observed in human
listeriosis. In 1975, an isolate of this genotype was isolated from a goat in the North Caucasian FD of
Russia [32], but it differed from the human isolate by the locus of internalin C in the IP. The L.
monocytogenes isolates of ST8 were previously found in food (meat, fish, dairy) in Russia, but were
absent in clinical cases of listeriosis. The isolates of Clonal Complex (CC) 8 were detected in meat
(ST16, ID 42269) [35] and in the environment (ST758) [34], and in cases of meningitis (ST2096)
before the COVID-19 pandemic [26]. All isolates of CC8 but one (ST758, IP34), had the same IP53.
During the COVID-19 pandemic, L. monocytogenes ST8 was revealed in four clinical cases (Figures
3b and 4b), and one of them had a fatal outcome.

The greatest diversity of the PLII genotypes was noted in the older age group (meningitis and sepsis)
during the pandemic (Figure 4b), and each of the genotypes was associated with a case of listeriosis
with a fatal outcome (Table S1). ST20 was first detected in human listeriosis in the Central FD, but in
2007 an isolate of this genotype was isolated from the crucian carp (Carassius carassius) [34]. The IP
of clinical and environmental isolates were identical. However, in 2016 L. monocytogenes ST20 was
isolated in the North-western FD in the case of perinatal listeriosis (ID 42272), later, in 2017, a strain
of this ST was isolated from chilled beef of unknown origin (ID 42270), and then, in 2018, it was
isolated from wastewater (ID 42274) [35].

L. monocytogenes of ST425 is also new in human listeriosis in Russia but was isolated in the
environment (from red deer (Cervus elaphus) feces) in 2009 [34]. However, in this case, clinical and
environmental isolates differed in the internalin B locus of the IP. A single-nucleotide variant (SNV)
in the same position of the inlB alleles relative to the most common for the PLII allele 14 (A/T, A/C)
leads to the same amino acid substitution (Ile/Leu).

ST37, found in food and food processing environments (FPEs) in 2017 (ID 37695) [35], and in
2019-2021 (ID 49371, 49372, 76388) [31], was isolated for the first time in 2021 in a case of human
listeriosis. Note that food and clinical isolates had the same IP.

Finally, ST391 (CC89) was discovered for the first time, but it is a single locus variant (SLV) of ST1547
(CC89) identified in human listeriosis in 1997 [32]. The internalin B locus distinguishes the IP of
these genotypes.

Thus, we note a significant role of the PLII STs in the group of diseases “meningitis and septicemia”.
Evaluating the L. monocytogenes genotypes in the older age group for the entire observation period
(Fig. 4b), it should be noted that the proportion of the PLI is low, but the diversity index is high,
which is provided by the PLII STs.
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3. Comparison of L. monocytogenes of two stages of the COVID-19 pandemic

Comparing the causative agents of invasive listeriosis in the two periods of time, before the pandemic
and during the pandemic, we saw a significant difference in the diversity of genotypes, in the
representation of phylogenetic lineages, and in the number of deaths (43.8% before the pandemic and
81.2% during the pandemic in the group of the meningitis and septicemia [37]). Noteworthy is the
sharp decrease in age in the group with meningitis and septicemia: from 59 to 33 years (Figure 5).

Age of patients with invasive listeriosis (miningitis,
septicemia)

2020-2022

2018-201%9

33 34 36 46 47 49 55 5% 60 62 65 68 69 72 73 V6 78 80 852 B3 54 88 39 98 Age

12018-2019 2020-2022

Figure 5: The age of patients with invasive listeriosis manifesting as septicemia and meningitis.

Since the pandemic period can be divided into two stages according to the number of circulating
pangolineages, we compared the diversity of the L. monocytogenes genotypes between the pandemic
stages (Figure 2a2, 2a3). As can be seen from the data in Figure 2a2, the increase in the diversity of
the L. monocytogenes STs and in the proportion of the PLI genotypes occurred precisely at the first
stage of the pandemic. At the second stage of the COVID-19 pandemic (Figure 2a3), the diversity of
the L. monocytogenes STs was equal to the data for the period before the pandemic, and the
proportion of the PLI genotypes was even lower than before the pandemic. However, the list of STs
changed dramatically: all genotypes revealed at the second stage of the pandemic are new for clinical
cases in the Central FD (Figure 2b).

4. Internalins’ diversity in the different phylogenetic lineages

The internalins, as factors of the pathogenicity of listeria, are important for the bacteria—human cells
interaction, and listeria adaptation [36]. As a result, we note a large number of IP in the batch of
Russian isolates, with the new ones among them in recent times presented in Table 1.

Table 1: New internalin profiles (IP) from this research

cC ST inlA inlB inlC inlE p Phylogenetic
Lineage
CC21 21 12 14 7 8 56 II
CC11 | 451 | 22 (MW538938) | 23 (MW538939) 6 6 58 II
CC26 | 26 7 14 6 6 59 II
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CC4 | 219 | 23 (MWo965279) 8 4 3 60 I
CC89 | 391 15 14 17 6 61 1I
CCoo | 425 13 24 (MZ486423) 13 8 62 II

21 17
9 23 66 II
cC403 | 403 OM240823) (OM240824)

* IP57 (7; 13, 16, 6) was detected by Ermolaeva S.A. and Psareva E.K. (not published); IP63-65 were
published in [85]. For new alleles of the internalin genes, the GenBank Accession Numbers are given
in the parentheses.

Different internalins contribute to the diversity of IP of the clinical isolates in two phylogenetic
lineages (Table 2). In the group of the clinical isolates of PLI, the inlA locus was the most diverse,
according to the H value, and inlC was the least diverse locus. At the same time, in PLII, both inlA and
inlC were the most diverse loci. It was the intC locus that distinguished isolates of ST21 when
comparing the bacteria that caused human and goat listeriosis.

Table 2: Shannon's diversity index for internalin alleles of clinical L. monocytogenes isolates

Shannon's diversity index (H)
inlB inlC

Phylogenetic lineage

5. Virulence factors

The virulence of L. monocytogenes depends on its ability to colonize the gut and disseminate within
the host [38]. The key genes and gene products involved in microbial virulence were named as
virulence factors (VFs) [39]. A number of well-studied VFs are also known as pathogenicity factors,
such as internalins, because virulence and pathogenesis represent two sides of one coin. The former is
viewed from the point of view of the microorganism and the latter from its effect on the host [40]. The
virulence factor database (VFDB) (http://www.mgc.ac.cn/VFs/ (accessed on 24 July 2022)), which is
an extensive collection of VFs from the important bacterial pathogens [41], was used for the VF
analysis of L. monocytogenes, revealed during the monitoring.

Whole-genome sequencing (WGS) was performed for the isolates of the repeated genotypes and new
genotypes for the clinical cases or for the Listeria population in Russia. Thus, the cohort of the
sequenced isolates included L. monocytogenes of 12 STs, four of which belonged to PLI, and eight to
PLII (Table S2). As a result, 45 virulence genes related to 12 VF classes were identified (Table 3). The
VF classes “Adherence”, “Invasion” and “Regulators” were the most numerous: seven, seven and nine
genes, respectively, were revealed in all analyzed genomes. Only one VF of the “Invasion” class which
was encoded by the vip gene (bold font in Table 3) was absent in the genomes of ST7, 8, 21, and 37.
The vip protein (Imoo320) is an LPXTG surface protein, but does not contain LRRs, and thus does
not belong to the internalin family [42]. According to Cabanes et al., vip is required for entry into
some eukaryotic cells via the endoplasmic reticulum resident chaperone Gpg6 [42]. Doumith et al.
demonstrated the presence of Imo0320 in seven L. monocytogenes strains of the serovar 1/2a
isolated in cases of human sporadic or epidemic listeriosis [43].
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Table 3: Virulence factors revealed in the sequenced genomes of L. monocytogenes isolates.

Related Related Virulence Related

VFclass Virulence factors Virulence factors
genes genes factors genes

D-alan.ln.e-po.lyph dltA Lipoate protein ligase IplA1 agrA
osphoribitol ligase A1 AgrA/AgrC
r r
Fibronectin-bindi Oligopeptide-binding & &
. fbpA 5. . oppA agrC
ng protein Intracellular protein
GW autolysin ami survival Post-translocation prsA2 cheA
chaperone CheA/CheY
1. . .
Adherence Internalin F inlF Sugar-uptake system hpt cheY
o | e I
ap/cwh Regulation | LisR/LisK
lap Cell wall hydrolase P A lisR
Listeria adhesion Positive
tei S
protein lapB Cell wall te.1ch01c a(',‘.ld gtcA regulatory prfA
glycosylation protein factor
2: Bile Bile-salt bsh Internalin A (LPXTG inlA VirR
resistance hydrolase protein) . .
~ VirR/VirS
. Internalin B (GW . .
Metalloproteinase mpl . . inlB virS
6. Invasion protein)
Lipoprotein
PC-PLC plcB Internalin P inlP dlacy;%lycer lgt
transferase
3. Enzyme Lipoprotein
Lipoprotein 11. Surface _P; Ie):ciﬁc
PI-PLC plcA promoting entry lpeA protein in)gnal IspA
protein anchoring peptidase T
Serine-threonine Virulence protein .
phosphatase stp (LPXTG protein) vip Sortase A sTtA
. 7. Iron Hemoglobin binding
InlC inlC . hbp2 Sortase B srtB
uptake protein
4. 8.
Immune InlK inlK Nucleatllon- ActA actA 12. Toxin Listeriolysi hly
modulator promoting nO
factor
LntA IntA 9 OatA oatA
Peptidoglyca
n
PdgA dgA
modification 8 pag

Bold font—uvirulence factor gene, which is absent in the genomes of ST7, 8, 21, 37

In our cohort, the vip gene was absent in the genomes of the isolates (ST7, 8, 21, 37) that caused
serious consequences or even the death of patients (Table S1). In the reference genome of L.
monocytogenes EGD-e (serotype 1/2a), the vip gene (Imoo320) is flanked by Ilmoo319
(phospho-beta-glucosidase) and lmoo321 (a protein of unknown function). The size of the vip gene is
1200 bp. In the genomes of ST7, 8, 21, and 37, the intergenic region between the genes encoding
phospho-beta-glucosidase and uncharacterized protein is 275 bp. These data suggest the absence of
the ORF (open reading frame) for vip in the mentioned genomes.

6. Plasmids as source of genes essential for cellular survival

The plasmids can help L. monocytogenes in its adaptation to survive both in the environment as well
as within the body of humans and other animals, mediating heavy metals, heat resistance and
virulence [44, 45]. However, as demonstrated by Lebrun et al., only 13% of strains from humans and
animals with listeriosis harbored plasmids [46].
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Figure 6: The comparison of L. monositogenes and L. welshimeri plasmids by using BLAST Ring
Image Generator (BRIG) with blast-2.7.1.

The blue ring—pLmcUH26 (L. monocytogenes GIMC2079: LmcUH26, ST425); the gene names
highlighted in blue refer to the two regions of difference annotated by the RAST; the red
ring—pLmcIH1-6 (L. monocytogenes GIMC2088:LmcIH1-6, ST20); and the green ring—pLmcCi1 (L.
welshimeri GIMC2049:LmcC11, ST2331). The position of the incomplete prophage is shown by an
aqua-colored segment.

In our WGS research, 5 isolates from 35 of the PLI and the PLII bore plasmids: four isolates were
ST425, CC9o, PLII and one isolate was ST20, CC20, PLII. These plasmids (accession numbers
MZ869810, MZ869811, OM867528 - OM867530) were 72,763 bp in length (Table 4). We designate
them here as pLm. The plasmids contained the incomplete prophage 10 Kb, a part of the Listeria
phage Aoo6 (Figure 6). Sixteen ORFs of prophage included the post-segregational killing system,
encoded by a co-transcriptional gene pair of Phd antitoxin (prevent host death protein) and Doc
(death on curing protein) toxin, which is involved in maintaining the plasmid in host cells [47, 48].
This set of Listeria adaptive genes is known also as the mazEF-like toxin-antitoxin system, which
modulates the growth in the response to specific stress factors [49]. Another pair of genes encoding
CadA and CadC proteins constituted the cadmium efflux system. One more interesting gene encoded
the CRISPR-associated protein Cass.
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The same incomplete prophage we revealed earlier in a plasmid 57,530 bp in length (Accession
Number MZ869809) was from the L. welshimeri strain of ST2331 isolated in the meat processing
plant (Table 4). We will designate it here as pLw.

The alignment percentage (AP) of the six plasmids was more than 89% and the average nucleotide
identity (ANT) was more than 99%. The GC content of identified plasmids was 36%. The number of
coding sequences (CDS) varied from 67 in pLw to 86/88 in pLm.

The main region of differences between pLm and pLw was a pathogenicity island including 17 ORFs
(Figure 6). First of all, these ORFs encoded proteins for the copper homeostasis, which is particularly
acute during infections (copper-translocating ATPase and copper chaperone). The levels of copper
fluctuate in the host from high in the gallbladder to low in the liver and spleen [50]. Thus, the plasmid
coding the copper homeostasis proteins helps in adapting to these different niches, which is
important for a successful infection.

The second group of genes encode the proteins contributing to the regulation of the iron
concentration: the complex of the ABC transporters and the permease responsible for the iron export,
and the Dps protein (DNA protection during starvation). The Dps, a ferritin-like protein, forms
dodecamers that can bind approximately 500 iron molecules [51]. Moreover, Dps has a dual role in
protecting the cells against oxidative stress, either by binding directly to DNA, or by sequestering
iron, thus avoiding oxidative damage [87], because in the presence of iron, superoxide and hydrogen
peroxide can be transformed into the highly reactive hydroxyl radical [52].

One more gene of this region encoded deoxythymidine diphosphates (dTDP)-4-dehydro rhamnose
3,5-epimerase, or cupin RmlC. This protein’s synthesis is the precursor of L- rhamnose, which is used
by the L. monocytogenes serogroup Y2 for the modification of the peptidoglycan-attached teichoic
acids (wall teichoic acids). Such modification is significant for L. monocytogenes virulence [53].

The smaller region deleted in pLmcCi1 is represented by three genes encoding transposase,
site-specific DNA recombinase and AraC family transcriptional regulator.

The comparison of pLm with the Listeria plasmids deposited in GenBank showed high similarity to
the pLIS19 (MZ089999), pLIS38 (MZ127847), and pLIS43 (MZ147615) plasmids of L. innocua
strains, isolated from food and city environments in 2003-2017 in Poland [54] (Table 4). The ANI and
AP among these plasmids are more than 99%.

The pLw showed more than 99% similarity to the plasmids of L. innocua strains isolated from food
[55] and to the plasmids of L. monocytogenes strains isolated from food and from clinical sources in
different years and different geographical locations [56-59] (Table 4). The L. monocytogenes strains
belonged to ST3 of PLI and to different STs of PLII. The oldest clinical strain was isolated in 1967 in
Germany [58]. The 13 plasmid replicons mentioned above (Table 4) were included in the analysis.
The neighbor-joining tree (Figure 7) was built on the basis of the ANI of whole-genome alignment and
revealed two closely related groups of plasmid replicons. Group I, which is located at the top of the
figure, includes smaller plasmids, which are distributed according to the source of isolation. In group
I1, in the lower part of the figure, there are larger plasmids, and the most different among them is the
plasmid of the strain isolated from the environment.
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Table 4: GenBank plasmids with high similarity to those found in the study.

Phylog Isolati
Plasmid name GenBank ID Strain Species enetic on Source Country Reference
lineage  date
L. Homo
GIMC2079:Lm . . this
pLmcUH26 MZ869810 cUH26 monocyt | 425 90 II 2021 | sapiens Russia research
ogenes (blood)
L. Homo .
pLmcUH27 MZ869811 GIMC2080:Lm monocyt | 425| 90 I 2021 | sapiens Russia this
cUH27 research
ogenes (blood)
Homo
L. sapiens .
GIMC2090:Lm . this
pLmcH67_6 OM867530 cH67_ 6 monocyt | 425| 90 I 2021 (cer.ebro Russia research
ogenes spinal
fluid)
L. Homo .
pLmcH67_8 OM867529 GIMC2095:Lm monocyt | 425| 90 1I 2021 | sapiens Russia this
cH67_8 research
ogenes (blood)
7276 Homo
3bp L sapiens
GIMC2088:Lm i . this
pLmcIH1-6 OM867528 IH1-6 monocyt | 20 | 20 11 2021 (cer.ebro Russia research
ogenes spinal
fluid)
L L. food
pLIS19 MZ089999 297/05 . nd | nd | innocu | 2005 (ice Poland [54]
innocua
a cream)
food
I L. (food
pLIS38 MZ127847 10/03 . nd nd | innocu | 2003 | contact Poland [54]
innocua
a surface
swab)
I L. environ
pLIS43 MZ147615 Sr108 . nd | nd | innocu | 2017 ment Poland [54]
innocua .
a (city)
L Other meat
pLmcCi11 MZ869809 GIMC2049:Lm welshime 233 | 233 | Listert 2020 | processi Russia this
cC11 . 1 1 a research
ri . ng plant
species
L. food
PCFSAN04483 CP045744 CFSAN044836 | . L. 448 | 448 | innocu | 2005 | (minced Ttaly [55]
6 innocua
a meat)
L. Switzerlan
pPIR00545 CP025561 PIR00O545 monocyt | 199 | 199 I - food q [56]
ogenes
5753 L.
obp pR2-502 CP006595.1 R2-502 monocyt | 3 3 1 1994 food USA [571
ogenes
L. Homo
pLM1-2bUG1 FR667692.1 SLCC2755 monocyt | 66 3 I 1967 . Germany [58]
sapiens
ogenes
L. Homo
pl2015TE24968 | CP015985.1 2015TE24968 | monocyt 7 7 I 2015 | sapiens Ttaly [59]
ogenes (blood)
pAUSMDUo00O AUSMDU0000 L. Homo . Unpublishe
CP045973.1 monocyt | 122 9 I 2009 . Australia
00224_01 0224 ogenes sapiens d

Listeria plasmids have been classified into two groups based on their

replication protein RepA

sequences [58]. According to this classification, all of the analyzed plasmids belong to the
repA_G1-Replication system group, which is the most common group [54]. All of the analyzed
plasmids also carried two loci involved in the active partitioning of plasmid molecules (PAR_1 and
additional parA), and the loci coding Y-family polymerase components (UvrX and YolD) representing
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the POL_1 group. A whole conjugative transfer module is absent in the studied plasmids, except for
the relaxase component of the mobL,_1a type.

Of the functional genes that promote adaptation and are present in all plasmids, mention should be
made of a region encoding a glycine betaine ABC transport system substrate-binding protein and an
oxidoreductase (NADH peroxidase), and the gene for the ATP-dependent protease ClpL. The first
group of the genes may play a role in responses to high osmolarity and oxidative stress, and was
shown to be upregulated under high-salt conditions [60]. The ATP-dependent protease ClpL was
shown to be involved in the increased heat resistance of L. monocytogenes strains [45], and was also
found to be upregulated in response to low pH [60].

No other additional genes, such as arsenic resistance loci, fluoride efflux transporters, or antibiotics
resistance loci, or virulence factors, have been found in plasmids.

r @ 112869809 L.w FPE RU 2020
@ CPo25561L.m F CH
@ CP045744 L in FIT 2005
® cP006595 L.m F USA 1994
® cP015985L.m CL IT 2015
® £R667692L.m CL DE 1967
@ cP045973 L.m CL AU 2009
® Wz147615L.in E PL 2017
® 112089999 L .in F PL 2005
@ 112127847 L.in FPE PL 2003
® 112869811 L.m CL RU 2021
® 112869810 L.m CL RU 2021
@ 011867528 L.m CL RU 2021

0.01

Figure 7: The neighbor-joining tree of the Listeria plasmid similarity based on the average nucleotide
identity (ANI).

The Listeria species are labeled: L.m—L. monocytogenes, L.w—L. welshimeri, L.in—L. innocua. The
countries of the isolates’ origin are labeled: AU— Australia, CH—Switzerland, DE—Germany,
IT—Italy, PL—Poland, RU—Russia, USA—USA. The sources of isolates are indicated as F—food,
FPE—food production environment, CL—clinical. The color of the circles means: red—clinical isolate,
blue—food isolate, green—environment isolate.

7. Core genome comparison

During the monitoring, especially in the pandemic period, we observed repeated genotypes among
clinical isolates. To determine the epidemic relationship between isolates of the same genotype, we
used the approach of cgMLST genotyping, developed by Moura et al. and having the discriminatory
power required for epidemiological surveillance [39]. The criteria for assignment to an epidemic
outbreak was seven or fewer allelic mismatches between cgMLST profiles, including 1748 loci.
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Figure 8: A number of allelic mismatches between cgMLST profiles for isolates of the same ST
(sequence type). a)—phylogenetic lineage I (PLI), b)—phylogenetic lineage II (PLII).

The results of the comparison are shown in Figure 8. Among the isolates of PLI (Figure 8a), complete
coincidence of the profiles was observed for isolates of ST219 attributed to perinatal listeriosis. Both
strains were isolated in March 2021. One strain was isolated from a newborn, and a second strain was
from a woman in the seventh week of pregnancy. The second group of isolates of PLI with minimal
differences in cgMLST profiles belongs to ST4. The isolate from July 2020 (fatal) differs from the
isolate from October 2020 (newborn) and the isolate from March 2021 (fatal) in three loci. The last
two isolates have the same cgMLST profiles. The two isolates of ST6 (August 2019 and September
2020, both from newborns) have only two allelic mismatches, but the earlier isolate (March 2019,
newborn) differs in 13-15 loci.

In PLII (Figure 8b), the isolates of ST8 (December 2021 (newborn) and January 2022 (meningitis,
alive)), and ST21 (September 2021 (pregnant women) and December 2021 (septicemia, fatal)) had the
same cgMLST profiles. Attention is drawn to strains of ST425. The four isolates shown in the figure
are divided into two pairs according to the places of hospitalization. The isolates from April 2021
(septicemia, fatal) and June 2021 (meningitis, alive) were isolated from COVID-19 patients in one
hospital with an interval of one and a half months, and had identical cgMLST profiles. The same
profile is seen in the isolate from September 2021 (meningitis, fatal) from the second pair of the
patients, which were from another hospital. The second isolate from this pair, from August 2021
(meningitis, alive), has one difference in the cgMLST profile from the three previous isolates of
ST425. Thus, the isolates of ST219, 4, and two isolates of ST6 from the PLI, and the isolates of ST21, 8
and 425 from PLII can be attributed to epidemic outbreaks.

Genomic Characteristics of listeria that Caused Invasive listeriosis During the COVID-19 Pandemic

Volume 23 | Issue 5 | Compilation 1.0 © 2023 London Journals Press



However, the isolates of ST37, often revealed during the COVID-19 pandemic in the group with
meningitis and sepsis, had more than seven mismatches in the cgMLST profile (Figure 8b). The
presented isolates, from March 2020 (meningitis, fatal), July 2021 (meningitis), and July 2021
(meningitis, fatal), were from three different hospitals. The isolates from July 2021 had fewer distinct
loci (23) compared to the isolate at the start of the pandemic, March 2020, (34 and 37). As such, the
three patients had different sources of the infection.

Previously, we obtained similar results for the isolates of the autochthonous ST7, which also belongs
to PLII and was the most common in the pre-COVID-19 period (Figure 2a1) [26]. We compared the
following isolates of ST7: the clinical isolates from June 2020 and February 2019 and a food isolate
from May 2018. L. monocytogenes “February 2019” caused premature birth and pneumonia in a
newborn, and listeria “June 2020” caused the death of an elderly patient recovering from COVID-19.
The clinical isolates differed in 20 loci of cgMLST profiles, and both had 23 allelic mismatches with
the food isolate. As such, three isolates of ST7 had no epidemiological link, but were closely related.
The most considerable common mutation of the three isolates was the nine-nucleotide deletion in the
MFS transporter gene (Imo2172) sequence, which distinguished this group of isolates from other food
isolates and from the clinical L. monocytogenes ST7 previously isolated in Russia [26].

8. Possible functional role of mutated genes

The comparison of ST7 clinical isolates revealed 20 distinct loci coding for the proteins required for
the metabolism of bacteria parasitizing in the human body. First of all, there were two virulence
factors: listeriolysin O (Imo0202) and hexose phosphate transporter (Imo0838). According to the
classification of pathways and functional systems using categories of the Clusters of Orthologous
Genes (COG) [61], 20 loci can be classified into 12 COG categories (Figure 9); note that a quarter were
related to the category “Carbohydrate transport and metabolism”.

COG categories

G - Carbohydrate transport and metabolism

] - Translation, ribosomal structure and biogenesis

L. - Replication, recombination and repair

T - Signal transduction mechanisms

C- Energy production and conversion

D - Cell cycle control, cell division, chromosome partitioning
E - Amino acid transport and metabolism

K - Transcription

M - Cell wall/membrane/envelope biogenesis

O - Posttranslational modification, protein turnover,
chaperones

S- Function unknown

U - Intracellular trafficking, secretion, and vesicular
transport

Figure 9: Distribution of genes differing in mismatches between the core genomes of L.
monocytogenes ST7 according to the Clusters of Orthologous Genes (COG) category.

Four genes belonging to this category were transporters of two types: secondary and ATP-dependent
transporters, as follows from the analysis using the TransportDB 2.0 [62]. Secondary active
transporters, Imoo831 and lmo0838, have malonate/malate and hexose phosphate as a substrate,
respectively, and couple the transport of substrates against their concentration gradients with the
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transport of other solutes down their concentration gradients [63]. Two other transporters, Imoog80
and lmo2123 (ATP-dependent), belonged to the ABC family most represented (89.7%) among the
transporters of L. monocytogenes (http://www.membranetransport.org/ (accessed on 24 July
2022)). If Imo2130 was responsible for the transport of maltose/maltodextrin, then Imo0980 was
classified as a multidrug resistance transporter.

The fifth gene of this COG category was glucosamine-fructose-6-phosphate aminotransferase
(Imoo727), an important point in the biosynthesis of amino sugar-containing macromolecules. It has
been marked by Zhou et al. as the gene encoding the bile-induced protein of L. monocytogenes
wild-type strain EGD [64].

It is interesting that in the COG category “Translation, ribosomal structure and biogenesis”, there
were two tRNA synthetases (RS), PheRS (Imo1222) and AlaRS (Imo1504), included in the Class Ilc,
showing distinctive quaternary features. These enzymes are hetero- and homo-tetramers [64].
Moreover, Phe-RS is indispensable for growth in all organisms [65].

The third gene in this category is Imo02620, encoding 50S ribosomal protein L5. Prokaryotic 5S rRNA
interacts with the ribosomal protein L5, forming 5S ribonucleoprotein particles, and enhances protein
synthesis by the stabilization of the ribosome structure [66].

In the category “Replication, recombination and repair”, the delta subunit of DNA polymerase III
(Imo1481) is remarkable. It is present in 5—7-fold excess over the gamma complex, and probably
performs the clamp unloading function, sparing the limited number of gamma complex and
polymerase III molecules in the cell for other important functions such as processive DNA replication.
Additionally, the delta subunit does not require ATP for its activity, so the delta-catalyzed unloading
reaction cannot be quenched with hexokinase and glucose as described for the gamma complex and
polymerase III [67].

The next gene, Imo1646 (exonuclease SbcD), is part of the heterotetrameric SbcCD complex, which
cleaves DNA hairpin structures. SbcC might constantly check the replication fork for misfolded DNA
and associate with SbeD only when DNA repair is necessary, so a small amount of protein SbeD is
required for the complex activity [68].

In the category “Signal transduction mechanisms”, two loci distinguish clinical strains of ST7.
Response regulator LiaR (Imo1022) is a component of the LiaFSR system, including
membrane-bound inhibitor protein LiaF, sensor histidine kinase and a cognate response regulator.
Additionally, LiaR is the less abundant component of this system. The LiaFSR system strongly
responds to the presence of a number of cell wall antibiotics, such as bacitracin, daptomycin, nisin,
ramoplanin and vancomycin, and is weakly induced by other more unspecific stresses that interfere
with envelope integrity, such as alkaline shock and secretion stress [69].

The arginine phosphatase (Imo2540) is the next important protein for bacteria stress response. It
modulates the arginine phosphorylation states of regulators such as the stress response regulator
CtsR and the global regulator MgrA, particularly in response to oxidative stress [70].

Thus, using the example of the most represented categories of COG, we have shown the importance of
genes affected by mutations for the vital activity of L. monocytogenes ST7.

Two loci distinguishing isolates of ST6 (August 2019 and September 2020, both from newborns) also
belonged to the category “Carbohydrate transport and metabolism”™ lmo1728—cellobiose
phosphorylase, and Imo2761—beta-glucosidase. These enzymes catalyze anaerobic (phosphorolytic)
and aerobic (hydrolytic) pathways of the cellobiose catabolism, respectively. The phosphorolytic
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pathway requires one less ATP for each molecule of cellobiose to be metabolized by glycolysis, so it
performs better than the hydrolytic pathway in terms of product yield in stressful conditions [71].

Three loci distinguishing the isolates of ST4 “October 2020 (newborn)” and “March 2021 (fatal)” from
the isolate “July 2020 (fatal)” belonged to the three COG categories: “Transcription”
(Imoo520—NagC transcriptional regulator), “General function prediction only”
(Imo2049—nucleotidyltransferase), and “Translation, ribosomal structure and biogenesis”
(Imo2596—30S ribosomal protein S9). Consider the most impressive locus Imoos20. In E. coli, as
demonstrated Bréchemier-Baey et al., NagC is the transcriptional repressor of the catabolism of the
mucin-derived sugars N-acetylglucosamine, and the activator of the locus of enterocyte effacement,
which is critical regulator for the colonization of the intestine by bacteria [72].

9. The genotypes of L. monocytogenes isolated from food

The search for the source of infection that caused the cases of invasive listeriosis prompted us to
analyze L. monocytogenes isolated from food in the metropolis during the monitoring period (Table

S3).

L. monocytogenes from food L. monocytogenes from food
2018-2019 B 2020-2022
) 5T403
E H=2.8: PLI 6% IILT‘IE_-'. 5% H=3,1; FLI 9%
5%

ST1B
4%

Food sources of L. monocytogenes

H=19

other
1%

a)—before the COVID-19 pandemic, 2018-2019; b)—during the COVID-19 pandemic; and c—the food sources
of the L. monocytogenes isolates. H—the Shannon diversity index; PLI—phylogenetic lineage I; ST—sequence

type.

Figure 10: L. monocytogenes from food sources.
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L. monocytogenes was most commonly isolated from fish, followed by chicken and meat (Figure 10c).
All food isolates were subdivided into two groups according to the isolation data: before the pandemic
and during the pandemic (Figure 10).

The proportion of genotypes that coincided in the two periods of observation, namely ST7, 9, 37, 121,
and 155, was 69% and 68%, respectively. The differing genotypes were more diverse during the
COVID-19 period (5ST vs. 3ST), which led to a slight increase in the Shannon diversity index from 2.8
to 3.1 (Figures 10a, 10b). The proportion of PLI increased insignificantly during the pandemic, and
ST288 of PLI was replaced by ST3, which had not previously been found in Russia. As such, the
genotypes of L. monocytogenes infecting foods did not change significantly during the COVID-19
pandemic. In the final list of the genotypes of the clinical isolates of the second stage of the COVID-19
pandemic, only ST8 and ST37 coincide with the list of the food isolates’ genotypes.

II. DISCUSSION

Listeriosis is relatively rare, but is one of the deadliest food-borne infections. In Russia in 2020,
clinical diagnosis of listeriosis was laboratory-confirmed in 42 patients, and six cases were fatal
(https://rospotrebnadzor.ru/ (accessed on 24 July 2022)). In Moscow, 18 cases of listeriosis were
registered in 2020, and 21 cases in 2021 (https://77.rospotrebnadzor.ru/ (accessed on 24 July 2022)).
The analysis of food included 6883 samples subjected to laboratory control in the departments of
Rospotrebnadzor in Moscow in 2020, and 0.6% of samples were positive for L. monocytogenes
(https://77.rospotrebnadzor.ru/ (accessed on 24 July 2022)). However, persons with recognized
underlying diseases such as liver disease, cancer, diabetes and COVID-19 in the case of listeriosis can
be counted as having an underlying disease in the clinical report. In perinatal listeriosis, neonatal
complications (respiratory failure and heart failure in newborns, cerebral ischemia, etc.) can also be
registered as the main diagnosis. Therefore, cases of listeriosis may be underreported in statistics.

Our study included 50 clinical and 37 food L. monocytogenes isolates revealed from November 2018
to January 2022 in the metropolis. The obtained results clearly indicate a change in the spectrum of
the Listeria genotypes causing invasive listeriosis during the COVID-19 pandemic.

L. monocytogenes ST7 (PLII) and ST6 (PLI), which previously typically prevailed among the clinical
isolates in the metropolis (Figure 2a1), were changed by the variety of the PLI genotypes (ST1, ST4,
ST194, ST219) and the PLII genotypes (ST8, ST20, ST21, ST37, ST391, ST425, ST451) (Figure 2a4). L.
monocytogenes of ST8 and ST425 were previously found in food and in the environment, but during
the pandemic, L. monocytogenes of these genotypes were isolated for the first time in cases of human
listeriosis in Russia along with ST21, ST37, and ST391. In addition, we observed an increase in the
number of fatal cases of invasive listeriosis in the group with meningitis and sepsis (43.8% vs. 81.2%),
as well as a sharp decrease in age in this listeriosis group: from 59 to 33 years.

Previously, we showed the impact of respiratory viral infections on the incidence of invasive listeriosis
in a metropolis in 2018/2019 [26]. The consequences of SARS-CoV-2 on gastrointestinal tract
conditions and sensitivity to food-borne pathogens have yet to be fully characterized. The available
evidence suggests that SARS-CoV-2 infection alters the gut barrier, leading to the systemic spread of
bacteria, endotoxins, and microbial metabolites [73]. Gut disorders during SARS-CoV-2 infection
might also participate in concomitant or secondary bacterial infections, which develop in severely ill
COVID-19 patients [73]. According to our observations, infection with SARS-CoV-2 not only
contributed to an increase in the incidence of invasive listeriosis even among younger patients, but
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also increased the sensitivity to a range of previously non-human L. monocytogenes genotypes: ST8,
20, 21, 37, 391, and 425.

Almost all new genotypes of the clinical isolates revealed during the COVID-19 pandemic in the
metropolis were previously described in the works of European researchers. The L. monocytogenes
diversity which related to 1185 cattle abortion cases in Latvia during the period of 2013-2018
included 27 different ST overall [74]. Four of them, ST29, 37, 451 and 7, covered more than half of the
L. monocytogenes isolates; ST8, 20, 21, 391, and 425 were also detected [74]. Kubicova et al.
(Slovakia, 2010 — 2020) described ST451 as the most prevalent in the cohort (15.3%) as a whole, and
especially in food (14.8%) and animal isolates (17.5%) [75]. In food, CC11-ST451, followed by CCy7,
CCi14, and CC37, were the most prevalent CCs in the milk sector, and CC9 and CC8 were most
prevalent in the meat sector [75]. In the Czech Republic, ST29, 37, and 451 were the most frequent
genotypes of L. monocytogenes, isolated from vacuum-packed steak tartare in 2013—2016 [76]. In
2019, as non-human isolates, L. monocytogenes ST8, ST21, and ST451 were mentioned in the work of
researchers from Austria [77]. They found ST21 to be more associated with vegetables, and ST451
with dairy products [77]. Finally, during the COVID-19 pandemic in Italy (September and October
2020), a nosocomial outbreak of listeriosis caused by an ST451 strain of L. monocytogenes was
recorded [78]. This outbreak involved one immunocompromised patient and three cancer patients
hospitalized in different units of the same hospital. The source of contamination was identified in the
hospital kitchen, where a meat slicer used to prepare meals tested positive for the same ST of L.
monocytogenes. This was the first report of an outbreak of listeriosis caused by ST451 in Italy [78].

In our study, the epidemic connections were shown for the PLI isolates (ST219, ST4, ST6), and also
for new clinical isolates of ST21, 8 and 425 (PLII), which can be attributed to epidemic outbreaks
because of similar cgMLST profiles (0—3 allelic mismatches of cgMLST). The strains of ST425 were
isolated from four COVID-19 patients in two hospitals with an interval of 5.0 months. The sources of
outbreaks have not been identified.

L. monocytogenes of all genotypes revealed in the clinical cases were analyzed for the presence of 42
VFs. All VFs but one (vip) were observed in all of the analyzed isolates. The vip involved in cell
invasion [42] was absent in the isolates of ST7, 8, 21, and 37, which were associated with clinical cases
(perinatal listeriosis, septicemia, meningitis), including fatal ones. We found confirmation of our
results in the works of a number of researchers. The lack of the vip gene in FPE L. monocytogenes
isolates of ST8 and ST37 was noted by Alvarez-Molina et al. from Spain [79]. In the research into the
isolates obtained from cattle abortion cases by Steingolde et al. (Latvia), the list of vip-missing
genotypes was expanded and additionally included ST29, 120, 226, 391, 403, 573 (PL II) and even ST
2, 4, and 6 (PL I) [74]. Thus, the thesis about the obligatory presence of the vip gene in the genomes
of isolates of the PLI and PLII [42, 43] needs to be revised.

In addition to the main 42 virulence factors, Maury et al. noted the following features of the PLI
isolates with high clinical frequency (CC1, CC2, CC4, and CC6), which were named as hypervirulent:
1) the over-representation of genes involved in replication, recombination, and repair, which may
indicate a higher exposure to genotoxic conditions; and 2) the over-representation of genes involved
in cell wall and membrane biogenesis, which may reflect the selection of genes involved in
interactions with the host [80]. In our investigation, the cases of perinatal listeriosis were associated
with hypervirulent L. monocytogenes of ST6 during the pre-COVID-19 period. Listeria belonging to
the additional genotypes of CC1 (ST1) and CC4 (ST4 and ST219) caused the perinatal listeriosis during
the COVID-19 pandemic. According to Charlier et al., L. monocytogenes of CC1, CC2, CC4, are
overrepresented in maternal-neonatal (MN) infections in France, with more than two-thirds of cases
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being due to one of these CCs. [81]. Among them, CC4 is the most associated with MN infections, with
20% of CC4 isolates being of MN origin [81].

The plasmids can become an additional source of virulence factors. The presence of plasmid replicons
in the clinical L. monocytogenes isolates is not a frequent phenomenon [46]. In our study, the
plasmids were found in five isolates: four isolates of ST425 and one of ST20. All of them were new in
clinical cases. More often, the discussion of Listeria plasmids takes place in the context of the ability
of Listeria spp. to colonize various environments, especially the FPE, with a focus on the genes that
provide resistance to sanitizers [82], heavy metals [58] or elevated temperatures [45]. However,
according to Chmielowska et al., there is evidence that the presence of some cadAC resistance
cassettes in Listeria can influence other phenotypic traits, such as virulence and biofilm formation,
which suggests that these heavy metal resistance determinants may have additional functions [54].
Other genes encoding the proteins contributing to copper homeostasis, the regulation of iron
concentration, the modification of wall teichoic acids and even in-creased heat resistance may
facilitate the increase in virulence and the spread and survival of Listeria in the human body. Thus,
on the one hand, if, during the COVID-19 period, invasive listeriosis is caused by listeria of genotypes
previously typical of food isolates, in addition to containing plasmids, then we can confirm that
SARS-CoV-2 has a serious damaging effect on the defense system of the gastrointestinal tract. On the
other hand, L. monocytogenes of ST425 (of one epidemic cluster, according to cgMLST analysis)
caused disease not only in people in the older age category, but also in younger people (36 and 47
years old); therefore, isolates of this genotype can hardly be classified as hypovirulent, and their
virulence factors, including those introduced by plasmids, are subject to further study.

V. CONCLUSIONS

The COVID-19 pandemic has had a significant impact on the health of the human population,
promoting bacterial infections in weakened organisms. Listeriosis, as one of the deadliest foodborne
infections, completely changed the portrait of those L. monocytogenes genotypes that caused invasive
listeriosis both in the perinatal group and in the group with meningitis and sepsis, according to
monitoring in a metropolis with a population of 20.4 million. The rejuvenation of listeriosis and
increase in mortality in the group with meningitis and sepsis, the emergence of new genotypes of
PLII, previously classified as food and hypovirulent, and new genotypes of L. monocytogenes of PLI
in the perinatal group indicate the need for the even more stringent control of food products for the
high-risk groups regarding invasive listeriosis.

V. MATERIALS AND METHODS

5.1 Bacterial isolates

Fifty clinical L. monocytogenes isolates (19 isolates from the first time period: November
2018-0October 2019; 31 isolates from the second time period: March 2020-January 2022) were
obtained from microbiological laboratories of the Moscow laboratory diagnostic centers. All L.
monocytogenes were isolated from the samples of the patients with invasive listeriosis: perinatal
listeriosis—44%, meningitis and listeria septicemia—56%. Isolates were submitted in the Bacterial
Isolate Genome Sequence Database for L. monocytogenes (BIGSdb-Lm)
(https://bigsdb.pasteur.fr/listeria/ (accessed on 24 July 2022)), ID: 42973-42983, 45724-45730,

49373-49375, 75929, 75931, 75932, 76308-76311, 76389, 77384-77386, 78377, 78378, 78657-78660,
78714, 82478-82480, 82484-82486, 82489-82492, 82494 (Table S1).
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The Listeria isolates from food (ID: 42984-42998, 45731, 49370- 49372, 75930, 75933, 76312,
76385-76388, 78379, 78713, 78715, 78717, 82479, 82481-82483, 82487, 82488, 82493) and food
processing environments (ID: 49188-49202, 49206) were used in the comparison groups (Table S2).

5.2 Methodes.
5.2.1 DNA isolation

For genotyping, listeria isolates were grown on BHI agar overnight at 37 °C. One loopful of cells was
suspended in 20 pL of the lysis buffer (0.25% SDS and 0.05 M NaOH), warmed up for 15 min at 95
°C, and 180 pL of the bidistilled water was added. The resulting lysate was stored at temperature 4 °C.
For the whole-genome sequencing, listeria isolates grown on BHI agar overnight at 37 °C were
suspended in the BHI broth and grown overnight at the same temperature. The cells were
centrifuged, and the washed pellet was used for DNA isolation according to the Monarch Kit
instructions (New England Biolabs, Ipswich, Massachusetts, USA).

5.2.2 MultiLocus Sequence Typing (MLST) and Multi-Virulent-Locus Sequence Typing (MvLST)

For MLST, we used a combination of primers [83] and [84], laboratory-designed Idh primers, and our
modification of PCR and sequencing protocols [31]. New alleles and new sequence types (ST) for
MLST genes were controlled by the team of curators of the Institut Pasteur MLST system (Paris,
France).

The MVLST scheme including four internalin genes (inlABCE) chosen earlier by [33] was used with
our modification [30]. The alleles of the internalin genes were numbered in the order of the detection,
submitted in GenBank and published in [26, 31-33, 85, 86]. For each L. monocytogenes isolate, the
combination of four detected alleles (in order inlABCE) received an internalin profile (IP) number.
New alleles and IP from this research are presented in Table 1.

5.2.3 Whole genome sequencing (WGS)

The genomes of the strains with ST6, ST7, ST451, and new ST for the Russian listeria population
(ST4, 194, 219), and new ST for clinical listeria isolates (8, 21, 425), were sequenced on the Illumina
platform. The Nextera DNA Flex Library Prep (Illumina, San Diego, CA, USA) protocol was used for
the library’s preparation. Sequencing was performed on MiSeq and NextSeq 500/550 (Illumina, San
Diego, CA, USA).

5.2.4 Data analysis

CLC Genomic Workbench v.20.0.4 (QIAGEN, Germantown, MD, USA) and SPAdes v.3.13.0 (St.
Petersburg genome assembler, Russia, URL: http://cab.spbu.ru/software/spades/ (accessed on 24
July 2022)) were used for genome assembling. CGView Server (http://stothard.afns.
ualberta.ca/cgview_server/ (accessed on 24 July 2022)) was applied for the visualization of
assembling results and for the genome comparison [87]. The software Rapid Annotations Subsystems
Technology (RAST) and SEED were used for genome annotation [88, 89]. Prophage sequences were
revealed with the help of PHASTER (PHAge Search Tool Enhanced Release, https://phaster.ca/
(accessed on 24 July 2022)) [90].

WGS data are available in GenBank: Bio Project PRINA605697. Previously published ST7 genomes
(GenBank Accession Numbers CP060433- CP060435) were used for the comparison. The plasmid
sequences of the strains GIMC 2079:Lmc UH26, GIMC2080:Lmc UH27, GIMC2090:LmcH67_6,
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GIMC2095:LmcH67_8 (ST425) and GIMC2088:LmcIH1-6 (ST20) were submitted to GenBank
(Accession Numbers MZ869810, MZ869811, OM867528 - OM867530).

The core genome MLST scheme of 1748 loci (cgMLST) was used for L. monocytogenes genome
characterization [o1] on the basis of an open bioinformatics platform
(https://bigsdb.pasteur.fr/listeria/(accessed on 24 July 2022)). Alleles which were not characterized
by the computational tool due to their difference from the registered sequences were searched by
comparing genomic data with alleles of the reference EGD-e strain using BLAST NCBI. The identified
sequences of the corresponding alleles of the isolates of the same ST were compared by the number of
differences with the closest match. New alleles were considered identical if there were the same
substitutions.

The assignment of genes to different Clusters of Orthologous Genes (COG) categories was carried out
with NCBI Blastp and the COG database/Conserved Protein Domain Family database [61].

The comparison of the plasmids pLmcIH1-6 and pLmcCi1 with the reference pLm-cUH26 was
performed by using BLAST Ring Image Generator (BRIG) with blast-2.7.1+ [92].

CLC Genomics Workbench v. 21.0.1 with the Whole Genome Alignment 21.0 plugin was used for
plasmid alignment and tree building. The Whole Genome Alignment 21.0 plugin works by identifying
seeds (short stretches of nucleotide sequence that are shared between multiple genomes but not
present multiple times on the same genome) in the plasmid. This option determines the number of
nucleotides required for a seed to be included in the later stages of the alignment. The minimum
initial seed length was 15 bp. From the initial extended seed matches, a distance matrix between the
input plasmid was calculated. This distance matrix was used for the subsequent pairwise processing,
where the most similar plasmid sequences were processed first. Proceeding iteratively on the most
similar pair of plasmids, the tool extended and merged seed matches to create longer alignment
blocks. The minimum alignment block length was 100 bp.

The Create Average Nucleotide Identity Comparison tool was useful for obtaining a quantitative
measure of the similarity between plasmids. This tool took whole-genome alignment as input, and for
each pair of plasmids, the regions aligned between the two plasmids were identified. The toll was
launched using the following parameters: the minimum similarity fraction—0.8 and the minimum
length fraction—0.8. On the basis of Create Average Nucleotide Identity Comparison tool data, the
neighbor-joining tree was constructed.

The analysis of virulence factors was performed using the Virulence Factors Database (VFDB,
http://www.mgc.ac.cn/VFs/ (accessed on 24 July 2022)) and VF analyzer (http://www.mgc.ac.
cn/cgi-bin/ VFs/v5/main.cgi?func=VFanalyzer/ (accessed on 24 July 2022)) [41].

The Shannon diversity index (H) was used to characterize L. monocytogenes diversity and was
calculated by the formula:
%
H =— Y pilnlnpi
i=1
where pi is the proportion of the number of isolates of genotype i (ni) relative to the total number of
isolates (N): pi = ni/N.
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BIGSdb-Lm - Bacterial Isolate Genome Sequence Database for L. monocytogenes
CC - Clonal Complex

CDS - coding sequences

cgMLST - core genome MLST

COG - Clusters of Orthologous Genes

Dps protein - DNA protection during starvation protein
FD - Federal District

GI - gastrointestinal tract

IP - internalin profile

LRR - leucine-rich repeat

MLST -. MultiLocus Sequence Typing

MvLST - Multi-Virulent-Locus Sequence Typing
OREF - open reading frame

PL - phylogenetic lineage

RAST - Rapid Annotations Subsystems Technology
RTE - ready-to eat

SCFAs - short chain fatty acids

SLV - single locus variant

SNV - single-nucleotide variant

ST - sequence types

VF - virulence factors

VOC - variants of concern

WGS - whole genome sequencing

Supplementary Materials: Table S1: The clinical L. monocytogenes isolates; Table S2: Virulence
factors revealed in L. monocytogenes genomes by the VF analyzer; Table S3: The food L.
monocytogenes isolates.
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Sprague-Dawley rats were divided into four Groups. Group I — Control received 0.9% saline, Group
IT - single dose of 50mg/kg 1, 2-Dibromo 3 Chloro Propane (DBCP) dissolved in Dimethyl sulphoxide
(DMSO) (1ml) was administered for 30 days, Group III — Methanolic extract of Mucuna pruriens
(20o0mg/kg body weight) was administered for 45 days after 50mg/kg of 1,2 dibromo 3
chloropropane (DBCP) treatment (30 days). Group IV — 20o0mg/kg/day BW methanolic extract of M.
pruriens for 45 days. Results: The body, testis, and epididymis weights of all the rats were taken.
DBCP induced group II toxicity bearing animals were significantly decreased when compared to
group I control animals. In group II DBCP-induced toxicity rats, there was a reduction in sperm
morphology, concentration, and motility as well as follicle stimulating hormone (FSH), testosterone,
and luteinizing hormone (LH) levels. DBCP-induced group II toxicity-bearing animals'
above-mentioned parameters improved after treatment with Mucuna pruriens seed extract.
Conclusion: The administration of M. pruriens seed extract improves sperm quality and Hormone
levels in the DBCP exposed group III rats.

Keywords: methanolic seed extract, sperm motility, sperm count, luteinizing hormone, follicle
stimulating hormone, testosterone.

Author a: Dr. ALM Post Graduate Institute of Basic Medical Sciences, Taramani, Chennai, TamilNadu, India.
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| INTRODUCTION

Infertility is an International problem that involves young couples having unprotected intercourse.
According to global evidence, infertility in male ranges from 20-70% (1). Declining male reproductive
health is a major concern among the population of reproductive age. Various environmental factors
causing male infertility are described in the scientific and medical literature (2). Numerous external
and internal factors can increase the production of reactive oxygen species (ROS) above and beyond the
capacity of cellular antioxidants, leading to oxidative stress. Exposure to Endocrine - Disrupting
Chemicals (EDCs) is ubiquitous in our everyday lives and may result in oxidative stress, which can have
an impact on human reproduction and development (3). Pesticides such as Pyrethroids,
Organophosphates, Peroxyacetic acids, Carbamates and Organochlorines have been investigated in the
study of male fertility (4). Mankind that promoted a negative effect on the environment due to the
increase of its own requirements and technology producing unfavorable consequences on the
surroundings.
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1, 2 Dibromo 3 chloropropane (DBCP), is one such organochlorine pesticide that was used widely for
the control of Agricultural and Domestic pests. Twenty years after it was banned, it is still found in the
environment, because it takes 140 years to degrade completely (5). Pesticides' effects on sperm
parameters have been related in numerous studies (6). Teitelbaum (1999) established that DBCP
causes a significant reduction in spermatogenesis among pesticide manufacturing workers. Also,
hormones play role in the fertility and infertility conditions. Thus, investigations on hormonal changes
may be useful tool in the assessment of both fertility and infertility conditions. Whorton et al., 1977,
Kelce et al., 1995, Bernard et al., 2007 (8-10) also verified that DBCP also have estrogenic effects in
males by blocking androgen receptors. It is well established that the acute stress that produces excess
cortisol decreases the Testosterone production and suppress male sex hormones such as Luteinizing
hormone (LH), Follicular-Stimulating Hormone (FSH) (11-13).

Mucuna pruriens (M. pruriens) belongs to the family Fabaceae, native to tropical countries from Africa
and Asia, including India, Bangladesh, Srilanka & China (14). The seeds have been considered as magic
velvet bean in several published reviews (15,16). It has a long history in Indian Ayurvedic medicine,
where it is used to treat for Diarrhea, Sexual Debility, Tuberculosis, Impotence, Rheumatic disorders
(17,18). Suresh et al., (2009) (19) reported that M. pruriens helps in increasing the semen quality and it
acts as aphrodisiac. M. pruriens seed is economically available all year and it contains phytochemicals
such as alkaloids, glycosides, saponins (20). Due to its richness in various biological activities, it has
been characterized by in vitro antioxidant activity, anti-microbial agents, and natural antioxidants (21).
M. pruriens is not only a reproductive enhancer, but also an important natural material for the
treatment of male infertility (22). Thus, there is a great possibility that this plant may act through the
mechanism of free radical removal in the management of reproductive toxicity.

Il.  MATERIALS AND METHODS

2.1 Animals

Healthy adult male Sprague- Dawley rats (8 weeks old), weighing between 160-220g were used in the
present study. All rats were kept in plastic cages under the experiment room condition at Laboratory
Animal Unit PGIBMS, University of Madras, India. The rats were housed under conditions of
controlled temperature (26+2°C) with 12 h light and 12 h dark exposure. The rats received a standard
rat pellet diet and water ad libitum.

2.2 Animal Ethics

The 24 Sprague- Dawley Male Rats were obtained from the Central Animal House facility, Dr. ALM
Post Graduate Institute of Basic Medical Sciences, University of Madras, Taramani, Chennai,
Tamilnadu, India. Rats were used as per the guidelines from the Institutional Animal Ethics Committee
(07/021/08).

2.3 Experimental design

The rats were divided into four groups of six animals each in this experiment. Group I - Animals were
treated as control (0.9% saline). Group II - To induce reproductive dysfunction, a single dose of
somg/kg body weight of 1,2 Dibromo 3 chloropropane (DBCP) dissolved in Dimethyl sulphoxide
(DMSO) (1ml) was administered intragastrical for 30 days. Group III - After 1,2 dibromo 3
chloropropane (DBCP) treatment, a methanolic extract of M. pruriens (200mg/kg/day body weight)
was administered intragastrical for 45 days. For 45 days, Group IV received a 200mg/kg/day body
weight methanolic extract of M. pruriens. Dosage of M. pruriens was selected according to Suresh et al.
(2009) (19) with £200 mg to confirm effective concentration.
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2.4 Collection of samples

At the end of the experiment, the animals were anesthetized by mild ether and euthanized by cervical
dislocation. Blood was collected and was centrifuged at 4 C, 13,000 rpm for 15 min to separate the
serum from the blood cells. After that, the testosterone and cortisol hormone levels were analyzed from
the blood serum. The abdominal region was wiped with normal saline and the scrotum was dissected
out. The testes, epididymis plus vas deferens were rapidly collected and their fat pads surrounding
tissues were removed before weighed and recorded. Then the right testis and right epididymis plus vas
deferens were fixed in Bouin's fixative (85 ml of saturated picric acid added to 10 ml of 40%
formaldehyde and made up to 100 ml with glacial acetic acid) for histological examinations.

2.5 Preparation of Methanolic M. Pruriens Seed Extract

The seeds of Mucuna pruriens were purchased from a local country drug shop, Chennai Tamilnadu,
India. The seeds of M. pruriens were shade dried and then coarsely powdered. A known weight of the
seed powder was soaked in 100% methanol and kept at room temperature (22 + °C) for 96 h. Then it
was filtered, and the process was repeated three times. The extract was concentrated to obtain a
semisolid viscous brown mass, which is “crude extract” by using a water bath. This crude extract is then
resuspended in water and injected to rats for the experimental studies.

. SPERM ANALYSIS

3.1 Sperm morphology

Sperm morphology was evaluated by determining the percentage of normal and abnormal forms by
Diff-Quick staining method (23). To assess the percentage of morphologically abnormal sperm, the
cauda of epididymis was rinsed with 0.5 mL of physiological saline (0.9% NaCl) to obtain a sperm
suspension. Aliquots of sperm suspension were stained with 2% eosin. Hundred spermatozoa per
animal were analyzed microscopically at 400x magnification and counted spermatozoa with abnormal
traits as follows: twisted body, detached head, round tails, and abnormal neck.

3.2 Epididymal Sperm Count

Epididymal sperm count of the control and treated animals was determined by the method as described
by Latchoumycandane and Mathur, (2002) (24). An incision was made through the cauda of
epididymis, light pressure was applied to this region, and sperm was extruded. sul aliquot of
epididymal sperm was diluted with 95 ul diluent (5% sodium bicarbonate, 10ml 0.35 % formalin and
0.25 g trypan blue) and approximately 10 pl of this diluted sperm was allowed to stand for 5 min in a
humit chamber to prevent drying. The sedimented sperms were counted under the light microscope at
400x magnifications. The measured sperm number was multiplied by the dilution factor to yield the
total sperm count.

3.3 Sperm concentration and motility

Epididymal sperms were counted with a hemocytometer using a method described by Yokoi et al.,
(2003) (25). 5 ul of sperm suspension was diluted with 95 pul of phosphate-buffered saline (PBS, pH
7.4) solution. Approximately 10 pl of the diluted sperm suspension was transferred to each counting
chamber of the hemocytometer and was allowed to stand for 5 minutes. The settled sperms were
counted with the help of a light microscope at 400x magnifications. Under light microscope, the sperm
were counted within two upper and lower counting chambers in triplicate examinations and calculated
to be sperm concentration (million cells/mL).
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The percentage of motile sperm was evaluated microscopically in each sample by viewing a drop of
sperm suspension obtained from left cauda epididymis diluted with Tris buffer solution (3.63 g of Tris-
hydroxymethyl aminomethane, 0.50 g of glucose, 1.99 g of citric acid and 100 ml of distilled water) on a
prewarmed (37°C) slide and cover slip and observed under light microscopy at 400x magnification.
Motility estimations were performed from four different fields in each sample. The mean of the four
estimations were used as the final motility score (Sonmez et al., 2005) (26).

3.4 Dead and abnormal sperms

20 ul of sperm suspension was mixed with an equal volume of 0.05% eosin-Y (Sigma Chemicals). After
2 min of incubation at room temperature, slides were viewed under microscope at 400x magnification.
Dead sperms appeared pink and live sperms were not stained. Two hundred sperms were counted for
each sample and viability percentage was calculated. For the analysis of morphological abnormalities,
sperm smears were drawn on clean slides, and allowed to dry in air overnight. The slides were stained
with 1% eosin-Y and 15% nigrosin. This was examined at 400x magnifications for morphological
abnormalities such as amorphous, head less, bicephalic, coiled or abnormal tails (Wyrobek et al., 1983)

(27).
3.5 Sperm Vitality tests

3.5.1 Hypo-osmotic swelling test (HOS)

The Hypo Osmotic Swelling (HOS) test was performed as described by Jeyendran et al., (1984) (28).
This is based on the semi permeability of the intact cell membrane, which causes spermatozoa to swell
under hypo-osmotic conditions when an influx of water results in an expansion of cell volume. Through
HOS test the ability of the plasma membrane to transport water by subjecting the spermatozoa to
hypo-osmotic conditions can be measured.

3.5.2 Dye exclusion tests (Eosin and Nigrosin stain) Sperm vitality test

Eosin-nigrosin staining was used to assess the vitality of sperms. This test was studied according to the
method of WHO (1999) (23). One drop of sperm suspension was mixed with two drops of 1 % eosin Y.
After 30 seconds, three drops of 10 % nigrosin were added and mixed well. Thin smears were then
prepared and observed under the light microscope at 400X magnification. Viable sperms remained
colorless while non-viable sperms-stained red.

3.6 Hormonal Assays

Blood samples were separated by centrifugation at 10000 rpm for 15 minutes to determine the
testosterone (T), follicular stimulating hormone (FSH), and luteinizing hormones (LH) levels (29).
Serum FSH was assayed by solid phase tube method by making use of a commercial kit obtained from
Diagnostic Products Corporation (DPC), USA. Serum LH was assayed by solid phase coated tube
methodology by making use of a commercial kit obtained from Diagnostic Products Corporation (DPC),
USA. Serum testosterone was assayed by solid phase coated tube methodology by making use of a
commerecial kit obtained from Diagnostic Products Corporation (DPC), USA.

3.7 Statistical analysis

Data were presented as Mean + Standard Deviation (SD). One way analysis of variance (ANOVA)
followed by Tukey’s multiple comparison method was used to compare the means of different groups
by using SPSS.7.5 students version.
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V. RESULTS
4.1 Bodyweight and Organ weight

In this present investigation, the administration of DBCP has caused significant reduction in the weight
of testis and accessory sex organs in group II with respect to its controls. On M. pruriens
supplementation the weight of testis and accessory sex organs recovered remarkably (p < 0.05), from
the DBCP toxicity (Table 1). The body weight of group III male rats shows significant improvement
after treated with M. pruriens seeds.

Table 1: Body and Organ weight of Experimental animals

Group I

Group II
(DBCP)

Group III
(DBCP + M. pruriens)

Group IV

Parameters .
(M. pruriens)

(Control)

Body weight(g) 160.33+4.33 132.30+4.43a* 146.06+ 2.51a* b* 157.49+3.19a™
Testicular weight (g) 2.67+0.16 1.61+0.09a* 2.38+0.16a* b* 2.60+0.10 a
Testis weight relative (g) 1.76+ 0.04 1.14 +0.09 a* 1.63+ 0.11 a® b* 1.79 +0.05a ™
Epididymis weight (g) 0.379+ 0.01 0.28 £0.02 a* 0.320+0.02 a* b* 0.359+0.01a ™8

Values are expressed as mean + SD for six animals in each group, a — Group II, III, IV compared with Group I,
b — Group III compared with Group II. The significance level of p<0.05.

4.2 Sperm Count

The results demonstrated the decrease in sperm count of rats under stress. Fig 1 shows the sperm count
of experimental animals, and it is inferred that the sperm count was drastically reduced in group II
DBCP treated animals when compared to group I control animals. Conversely upon treatment with M.
pruriens, the sperm count was significantly increased in group III M. pruriens treated animals and
were comparable to that of group II toxicity bearing animals.

Fig 1. Sperm Count in Experimental animal
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50 4
40 4
30 -
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(10 %/m1)

sperm count

DO group | @ group Il @group Il B group IV

Each value represents mean + SD, a — Group II, III, IV compared with Group I, b — Group III compared with
Group II 'p<0.001; *p<0.01; ®p<0.05; VS — Not significant

Fig 2: Sperm motility, Morphology and Vitality of Control and Experimental animals
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Each value represents mean + SD, a — Group II, III, IV compared with Group I, b — Group III compared with
Group II 'p<0.001; *p<0.01; ®p<0.05; ¥ — Not significant

Fig 2 demonstrates Sperm motility, morphology, viability by HOS and Dye exclusion test. The negative
impact of DBCP on spermatozoa was confirmed by an increased abnormality in the sperm head. Also,
abnormal spermatozoa with twisted bodies, detached heads, abnormal necks, and round tails were
predominantly noticed. On DBCP exposure, the proportion of sperm with progressive movement was
significantly (p<0.05) decreased. Whereas the treatment with methanolic extract of M. pruriens, the
percentage of abnormal sperms significantly decreased (p<0.05), and movement was significantly
improved. In contrast to this, the sperm Motility, Viability and Dye exclusion test shows Decrease level
in group II DBCP exposed rats (Fig 2) and was significantly reverted to near normal in M. pruriens
extract treated group III animals. Not much changes observed in group IV M. pruriens alone treated
animals when compared to group I control animals.

4.3 Hormonal Parameters

Efficacy of M.pruriens on FSH levels of control and Efficacy of M.pruriens on Testosterone of control
experimental animals Efficacy of M.pruriens on LH levels in serum of and Experimental animal

control and experimental animals
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Each value represents mean + SD, a — Group II, III, IV compared with Group I, b — Group III compared with
Group II 'p<0.001; *p<0.01; ®p<0.05; ¥ — Not significant

Fig 3a, 3b, 3¢. FSH, LH & Testosterone level of Control and Experimental animals

Testosterone, luteinizing hormone and follicle stimulating hormone levels in the male experimental
rats were observed (Fig. 3a,3b &3c). The level of these hormones in the experimental rats followed
similar trend. They were significantly less in group II rats which received 50mg/kg of DBCP. Contrarily,
upon administration of M. pruriens extract these hormone levels were significantly increased in group
III comparable to that of group II toxicity bearing rats. There was however no significant difference (p
> 0.05) in the level of these hormones recorded in group 4 rats compared to control group.
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V. DISCUSSION

In recent years, the major health concern is toxic effects of drug and environmental chemicals on
Human reproductive system. Reproductive toxicity can be defined as adverse effect of chemical
substance on sexual function and fertility effects on male and females or dysfunction of the
reproductive system. The oxidative stress that causes dysfunction of male reproductive hormone, which
could eventually lead to male infertility. According to global evidence, infertility is a common and
severe health problem affecting 20-70% of male population (1). Most of those patients were most likely
exposed to toxicants, which may have contributed to their infertility (30).

In the present investigation, DBCP treated rats showed a significant decrease in body weight and
testicular weight when compared to the control. This may be due to the disturbance in the general
metabolic functions of the rats exposed to toxicant. It is reported that in toxicity conditions, the body
weight of Experimental Animal is significantly reduced (31). In addition to these, hormonal changes
may also be one of the reasons for weight loss (32). Also, the loss of testicular and epididymal weight
may be due to reduced bioavailability of sex hormones (33). Additionally, it is suggested that the
decrease in body weight may be for increased degeneration of lipids and proteins because of the direct
effects of reproductive toxicant (34). Treatment with M. pruriens in Group III animal shows significant
increase in the body and testicular weight. This may be due to the cytoprotective property of the seed
extract (31).

The sperm count in the epididymis is one of the most sensitive tests for evaluating spermatogenesis
(35). In the current study, administration of DBCP to group II animals caused the epididymal
epithelium to degenerate, which resulted in a significant decrease in sperm count compared to group I
control animals. Upon treatment with M. pruriens increase the sperm count due to the huge amounts
of phenolic constituents that are characterized by free radical scavenging and high antioxidant
activities which suppress the free radical mediated disturbances in sperm. This is in well accordance
with Suresh et al., (2009) and Chitra (2022) (19,22) revealed an increase in sperm count and motility
by the seed extracts of M. pruriens.

Sperm motility is often used as a marker of chemically induced testicular toxicity. Sperm movement is
important for sperm functional capacity and the assessment of sperm movement is useful for detection
or evaluation of male reproductive toxicity (36). It is reported that the increase in the Oxidative stress
leads to a decreased sperm motility, damage to the acrosome membranes and inability of the sperm to
fertilize (37). In the present study, DBCP leads to diverse cells and oxidative damage to sperms can
lead to DNA damage, alter membrane functions, impair motility.

Decrease in sperm motility and abnormal morphology of sperm was noticed in DBCP treated rats when
compared to control rats. On the contrary, treatment with seed extract of M. pruriens, significantly
increased the sperm motility and in contrast reduced the abnormal sperm morphology. This may be
due to the protective and restorative effect rendered by the methanolic seed extract of M. pruriens. In
view of this, Shami et al., (2009) (38) have also reported that antioxidants play a major role in
improving sperm morphology and sperm count.

The hypo-osmotic swelling (HOS) test was used for evaluating the functional integrity of human
spermatozoa membranes, by evaluating its reaction under hypoosmotic conditions. In the present
investigation exposure to DBCP caused severe plasma membrane damage in the sperm due to the
generation of free radicals. The administration of M. pruriens stabilized and restored the normal
membrane potential due to the presence of glycoside, saponins and sterols present in the seed extract.
In this view Yousef et al., (2005) (39) also reported that the active compounds such as glycosides and

Effect of Methanolic Extract of Mucuna Pruriens on Hormonal Modulation and Sperm Parameters in Male Rats

London Journal of Research in Science: Natural and Formal

© 2023 London Journals Press Volume 23 | Issue 5 | Compilation 1.0



London Journal of Research in Science: Natural and Formal

Lafuente et al., (2000) (40) reported that Leutinizing hormone (LH), Follicle stimulating hormone
(FSH) and Testosterone are required for normal spermatogenesis. Elevated levels of FSH and LH are as
deleterious as sub-normal levels (41). Previous studies have shown that decreases in serum
testosterone, testicular LH receptors, and Leydig cell damage might be adversely affected by the
toxicant (42-44). Testosterone is the main male gonadal hormone produced by the interstitial cells of
the Leydig cells in the testis. The role of testosterone and gonadotrophin has been studied extensively
in androgen- deficient rats using different models and in prevention of degeneration of spermatogenic
cells (45). A reduction in testosterone level could be the primary cause of induction of infertility
induced by the compound. Testosterone is one of the major indexes of androgenicity (46,35). In the
present study, there is a decline in testosterone levels in the DBCP treated group II rats. The reduced
serum testosterone levels support the possibility of reproductive tract alterations due to androgen
deficiency.

The morphological changes of the seminiferous tubule including Leydig and Sertoli cells would indicate
damage to the reproductive system. In the present study the administration of DBCP decreases the FSH
and LH levels, due to the toxic action of DBCP. This is in consistence with the finding of Pease et al.,
(1991) (47) that chemical toxicant causes persistent dysfunction of Leydig cells which disturb normal
testosterone levels. In this connection, Fiorini et al., 2004 (48) have also reported that LH
concentration was rise and Testosterone levels were decreased during the complete failure of Leydig
cells. However, hormonal production may be reduced in rats due to the seminiferous tubular damage
(49). On the contrary , treatment with M. pruriens in group III significantly decreases the toxic effects
of DBCP and the level of FSH, LH and testosterone were increased. This might be due to the presence
of the active constituents such as flavonoids and saponins which directly or indirectly scavenge the
oxidative damage to different cells and organs while normalizing their function. In this regard, Doshi et
al., (2003) (50) have reported that flavonoids and antioxidants remarkably reduce oxidative damages
in the cells. Based on the results of this study, future research could investigate male rat sterility using a
fertility test. In addition, sire litters can be examined after mating.

VI, CONCLUSION

In conclusion, the current study supports the methanolic extract of M. pruriens has a remarkable
fertility effect in male rats. These results conclude that the seed extract of M. pruriens significantly
increase sperm quality by elevating antioxidant enzyme activity and improve Hormone levels. Because
of its efficacy, it can be considered as potential seed extract for further pharmaceutical development in
the treatment of infertility.
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. INTRODUCTION

Several corollaries of special relativity without relativity principles are: The moving ruler or moving
space shrinks, the moving clock slows down, and the mass of movement increases. With the principle
of relativity, the more accurate inference of special relativity is: At the same time, it is relative; when
observing each other, the clock of the observed side slows down, the ruler shortens, and the mass
becomes larger. In terms of experimental verification, people only verified the inference of special
relativity without the principle of relativity (the contraction of space due to motion has not been
directly verified), but never verified the inference of special relativity including the principle of
relativity.

In the world, there are thousands of articles criticizing the special theory of relativity [1-22]. The most
serious problem of logic is simultaneous relativity and the principle of narrow relativity. This paper will
reveal some logical contradictions of special relativity in References. The results and conclusions of the
experimental analysis and logical analysis of critical special relativity point to "the existence of absolute
static system, but absolute motion has the following motion effects: the clock of absolute motion slows
down, the ruler of absolute motion shrinks in all directions, and the mass of absolute motion
increases". That is to say, the conclusion of criticizing the narrow sense points to the fact that "absolute
motion exists, and the relativistic effect of absolute motion also exists". This fact is the existence of
"theory of relativity-absolutism". In other words, only by using the theory of relative absolutism (that
is, upgrading the special theory of relativity to the theory of relativity-absolutism), all the
contradictions of the special theory of relativity will no longer exist.
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In the theory of relativity-absolutism, the principle of relativity is no longer the core of the theory, and
the relativistic effect (i.e., motion effect) is its theoretical core. The core of this theory indicates that
another major disadvantage of special relativity is that it only applies the relativistic effect to classical
mechanics, and does not apply the relativistic effect to electrodynamics. That is to say, there are motion
effects on the motion of electric charge and permanent magnet (that is, there are also relativistic effects
on the motion of electric charge and permanent magnet). Failure to consider such relativistic effects is
a dereliction of duty of relativity. The special theory of relativity was originally called "Electrodynamics
of moving bodies". However, special relativity only applies Lorentz transformation, which explains the
principle of special relativity, and the relative relativity of electromagnetic phenomena to
electrodynamics (in addition, it applies the relativistic effect to classical mechanics), but it fails to apply
the motion effect produced by high-speed motion of electromagnetic source to electrodynamics in time.
The space-time metric and energy-momentum tensor in Einstein's gravitational field equation can
contain time, but that is the coordinate time of the system (that is, mathematical time or geometric
time in four-dimensional mathematical space-time) rather than the inherent time associated with the
source of the motion field (that is, it is not the intrinsic time of the source of the motion field). In fact,
the four-dimensional space used in the theory of relativity is mathematical space rather than natural
space (the curvature of mathematical space-time is not restricted by the state of natural space). The
space-time theory is to unconditionally equate mathematical space-time with the natural space-time of
physics, and equate the theoretical system of mathematical space-time with the theoretical system of
physics.In this way, the mathematical space-time can be compressed and curved, which cannot
represent that the natural space-time can be compressed and curved. Einstein did not consider the
influence of the two effects of "the gravitational field delay caused by the high speed motion of mass"
and "the mass increase due to the motion" on the gravitational interaction. This determines that

Einstein's gravitational field equation belongs to the static gravitational field equation, and like

Newton’s formula F= <™ _ In other words, Einstein's gravitational field equation cannot accurately
T

describe the "consequences of the motion of the field source". Even if the space-time metric and
energy-momentum tensor can contain time, it cannot be guaranteed that Einstein's gravitational field
equation can describe the influence of the motion of the gravitational field source on the result.

Many scholars have seen this. In particular, Dr. Zhonglin Wang, a foreign academician of the Chinese
Academy of Sciences, made efforts to make up for this shortcoming of the special theory of relativity
[23-26]. However, Academician Wang's work did not achieve the expected results. He just worked out
Maxwell's equations that he thought were suitable for the medium motion. The Maxwell equations
modified by him are not applicable to the high-speed motion of the field source. In particular,
Academician Wang's theory cannot describe the retarded effect of moving charges. Academician
Wang's failure is inevitable, because he chose to solve the electrodynamics problem without upgrading
the special theory of relativity. The failure of Academician Wang and others is inevitable. The reasons
for failure are similar to others. The reasons for failure are the same in essentials while differing in
minor points. But the essence is to transform Maxwell's equations independently without overcoming
the shortcomings of special relativity. If only one of special relativity and Maxwell's equations is
modified, it is impossible to upgrade special relativity to version 2.0. Under Lorentz transformation,
the form of retarded field is very complex (much more complex than that of retarded potential). This
destroys the unity of the potential-field relationship in electrodynamics. This situation destroys the
unity of the potential-field relationship in electrodynamics, and makes it difficult to integrate the
retarded field into Maxwell's equations. In electrodynamics, the relationship between electric potential
and electric field is very simple.

However, the form of retarded potential and retarded field under Lorentz transformation is very
different. This situation is abnormal (under normal circumstances, the relationship between electric
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potential and electric field will not be affected by the motion state of the field source). As long as the
relationship between potential and field is affected by the motion state of field source, it must be
suspected that there is a problem in the application of Lorentz transformation. It is not difficult to find
that under the Galileo transformation, the relationship between retarded potential and retarded field
satisfies "the relationship between potential and field in electrodynamics is always uniform", and the
retarded effect can be considered by multiplying by a retarded coefficient. General relativity does not
take into account the two major relativistic effects caused by the motion of the field source: the mass
increases due to the motion; the effective field is delayed due to the motion of the field source.

As mentioned above, the defects of special relativity limit the difficulty of applying the relativistic effect
to electrodynamics, and Einstein could not consider the relativistic effect (the effect caused by the
motion of field source and/or medium) in electrodynamics and general relativity. In my opinion, if we
want to succeed, we must reform both special relativity and Maxwell's equations.In other words, if you
want to completely solve the problems of special relativity and electrodynamics, you must upgrade the
special relativity from version 1.0 to version 2.0, and modify the Maxwell equations. That is, "the logical
contradiction of special relativity" and "the application scope of relativity effect" must be solved at the
same time (some things in special relativity must be sublated).

ll.  RETARDED POTENTIAL AND RETARDED FIELD: ELECTROMAGNETIC RELATIVISTIC
EFFECT

Before introducing the retarded potential, let's introduce three new concepts: Field wave and retarded
coefficient, so as to better understand and apply retarded potential and retarded field. Compared with
water waves, the so-called field waves refer to the change of field strength spreading forward like a
wave. It is a phenomenon that "due to the limited propagation speed of the field, the field strength on
the front field point lags behind the field strength when the field source is stationary for a period of
time". A retarded field is an effective field. The effective electric field is the field that actually works. It
is a field whose strength can reach the predicted value of electrostatic theory after a period of time. The
general theory of relativity predicts that two black holes can circle each other when they are close to a
certain distance. If they get closer, they will form a larger black hole. When two black holes rotate at a
high speed like a dumbbell, the strength of the gravitational field in the outer space will change in a
wavy way. This is the gravitational field wave spreading outward, and people like to call it gravitational
wave. When a charge is suddenly born on an electric neutral space point, the electric field of this charge
will spread outwards, which also a wave of field is spreading outwards. Another situation is that when a
charged particle approaches a stationary space point at a high speed, the space point can also feel the
electric field strength is getting stronger and stronger, that is, it can feel that there are waves of higher
and higher field waves attacking it. The third new concept is "retarded coefficient". This coefficient is a
function of velocity and angle. Under the Galilean transformation, the difference between the retarded
potential and the electrostatic potential is only one coefficient. The angle is the angle between the
moving direction of the electric charge and the connecting line between the charge and the target space
point (see reference [27] for details http://www.doc88.com/p-195579116838.html).

The motion of charge will cause the retardance of electric potential and electric field, whether we admit
the existence of absolute static system or absolute motion or not. However, when the absolute static
system exists, the propagation of the field wave generated by the charge movement in the absolute
space has nothing to do with the slowing down of the time on the charge caused by the charge
movement. Therefore, we can completely deduce the retarded potential and retarded field under
Galileo transformation. We have completed this work in 2008 [27-29], the derivation of the slightly
improved retarded potential is as follows.

Upgrade Theory of Relativity from Version 1.0 to Version 2.0

© 2023 London Journals Press Volume 23 | Issue 5 | Compilation 1.0

London Journal of Research in Science: Natural and Formal




London Journal of Research in Science: Natural and Formal

Under the premise of "the existence of an absolute stationary system and the slowing of the clock of
motion", space has nothing to do with the volume of matter. Therefore, the coordinate transformation
corresponding to the special relativity in version 2.0 is different from the volume transformation of the
object. Since the special theory of relativity in version 2.0 does not recognize that space can move, but
acknowledges that the clock of motion slows down, the coordinate transformation corresponding to it
can be obtained by modifying the time transformation in Galileo transformation. The time
transformation is based on the experimental facts. The coordinate transformation between the absolute
stationary system Ko and an arbitrary inertial system K. is as follows:

Xo =X — U

Vo= (1)
Zy =14 .

Iy=nk

We can also say that the whole equation (1) is based on experimental facts. Formula (2) can be obtained
by replacing the subscript "1" in formula (1) with "2", and then combine with each equation in formula
(1). It is the coordinate transformation between any two inertial systems (K: and K:) on the premise of

the existence of an absolute stationary system.

X =X, + (&Ul -y,
]

=W
Z, =2, (2)
Ul =,/ e,

where, , y, =1/\/1-0}/c* s y, =1/y1-02/c* .

According to reference (22), the volume relationship between the absolute stationary system K, and an
inertial system K. is

lxo = yllxl

o=l

v (3)
Lo=nl,

Iy =7

where, "I" is the length of the object, and x, y, z are the number of the coordinate axis. The time
relationship in equation (3) has not been deleted.

In view of the vast number of logical contradictions of special relativity in version 1.0 and the principle
of special relativity, we have to sublate the principle of special relativity (only admit that it is
approximately applicable under certain conditions). To sublate the principle of special relativity is to
recognize the existence of absolute stationary system and absolute motion. To sublate the principle of
special relativity is to recognize the existence of absolute stationary system and absolute motion.
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On the premise that the absolute stationary system exists and the inference that "space shrinks in the
direction of motion due to motion" is abandoned, if the clock slows down due to motion is avoided,
Galileo transformation can be used [When the third equation in equation (1) does not work, the
conditions for Galileo transformation are satisfied]. In the absolute stationary system, the retardance of
electric field and electric potential is only related to the "propagation speed of electric field in the
absolute stationary system", and has nothing to do with the slowing down of time due to absolute
motion.

When A charge moves along the AB direction, the retarding potential felt by point C is shown in Figure
1.

Figure 1: The charge moves from A to B and approaches C.

According to the cosine theorem of trigonometric function relation, the retardation coefficient of
retarded potential # or:

4)

s o . -1/2

v°sin“ @ 2vusinBconl

n=|l+—-———+ - .
c'sin“«a csina

This is the form that the retarded potential under the Galilean transformation is reduced to the
retarded coefficient. See reference [1] for the detailed derivation process.

- T
* 5 &
i3 O ® X,
— AT —~|<7 Fr ———

Fig. 2: The charge moves from x: to x: at high speed.

When the movement path of the charge is direct to the field point, equation (5) can be easily obtained.
When the Q at the point x:, the potential at the point x;predicted by the electrostatic theory is Q/r ( As
shown in Figure 2). Retarded potential is Q/(r+Ar). in consideration of Ar=(r/c)v,
Q/[r+r(v/c)]=Q/r[1+v/c]. The quotient between the retarded potential and the potential predicted by
the electrostatic theory is the retarded coefficient 1. So we have

n= {1 +3T. (5)

c
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Equation (6) can also be obtained by simplifying Equation (4).

. {112} . ©)

Cc

In equation (6), "the minus sign in the previous speed v" indicates that the direction of motion of the
field source is away from the field point xzor point C.

The retardation coefficient of electric field is the square of the retardation coefficient of potential (12).
The expression of the effective field E* is

Equation (7) is the expression of the effective field of the moving charge moving toward the field point.

2
Y
EF=—.
472'807”2 @)

. MAXWELL EQUATIONS SUITABLE FOR DESCRIBING HIGH-SPEED MOTION FIELD
SOURCES

It is easier to see from Equations (5)-(7) that the relativistic effect with charge participating in the
interaction is very strong (stronger than the relativistic effect of time and quality, which can be a
first-order effect). Under the Galilean transformation, the base number of the retardation coefficient of
the retarded field is exactly the same as that of the retarded potential. In this way, it is convenient to
consider the relativistic effect (that is, the motion effect of charges) in electrodynamics. Maxwell's
equations are

V-D=p
V-B=0

VxE:—a—B

VxH=J+—
ot

The derivation of the first equation uses Coulomb's law. E=Q/4me 0r2 For the effective field affected by

the motion of the field source, E=0/4me Orz must be replaced by equation (7). Considering the electric

displacement vector D=¢E. The effective electric displacement vector should also be #2D. When speed v
When unchanged (including the same size and direction), V%D equals n*p=p*. Similarly, V x;2D=y>
(V xD). Using the same method to deal with Maxwell's equations, we can get

Vn’D=p"
Vn'B=0
OB

V><772E=—77’“§

VXUXH:n2J+nZaa_? (9)
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Equation (9) is a Maxwell equation set in which the retardation effect is considered when the field
source is moving at high speed (the field in the equation set is an effective field), and is also a basic
electrodynamic equation in which the relativistic effect is considered (the effect generated by the
motion of the field source is considered). If the velocity of the field source changes with time (the
direction remains unchanged, but the size changes), the integral formula of Maxwell's equation should
be used. Once the speed of the field source is low, the Maxwell equations shall be resumed immediately.
If the exponent x is close to 2| equation (g) can be simplified as

Vn’D=p"
2 (10)
VB =0
VxE = _8_B
ot
VxH=J+ a@—?
Even to the extent that
Vn’D=p’ (11)
Vn’B=0
VxFE = _6_B
ot
VxH=J+ 6_D
ot

If the medium moves but the field source does not move, the potential and field will also be delayed.
The reasons are follows. The retarded effect of the field is the relative motion effect. As long as there is
relative motion between the field source and the field point, the field delay will occur.

The field point and the medium are in the same system (as long as the medium move, the field point
has the same movement). The delay effect of the field generated by the medium movement is exactly
the same as that of the field generated by the field source movement. It can be seen that in the case of
medium movement,equations (10) and (11) still apply. If the included angle between the velocity of the
medium and the line between the field source and the field point is ¢, the electric field retardation
coefficient has the following form:

2 v N
n =[1+Zcos¢} . (12)

The retardation coefficient of the magnetic field has the following approximate form (it is related to the
orientation of the magnet and is best determined by experiment. Taking x: =2 is a good
approximation).

] v h
n =[l+;cos¢} . (13)

IV.  CHARACTERISTICS OF THE THEORY OF RELATIVE-ABSOLUTISM (SPECIAL
RELATIVITY VERSION 2.0)

The main content of special relativity in version 2.0 is Newton's view of space and time plus the effect
of relativity. The principle of relativity and the principle of invariance of the speed of light in the special
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theory of relativity in version 1.0 have been abandoned, but it is recognized that the principle of
relativity and the principle of invariance of the speed of light are approximately applicable under
certain conditions. The inference that space shrinks in the direction of motion due to motion is
abandoned, but the inference that objects shrink in all directions due to motion is drawn (See reference
[22] for reasons). The new relativistic effect of "the effective field is related to the velocity of the field
source or medium" is applied to electrodynamics. The reserved and newly added effects of special
relativity are: the clock of absolute motion slows down; the mass of absolute motion increases; the
object in absolute motion shrinks in all directions; the effective field is related to the state of the motion
of the field source. Since we recognize the existence of absolute stationary systems or absolute motion,
we must logically deny the principle of relativity. However, the principle of relativity is allowed to hold
approximately.

Lorenz transformation can be used safely in electrodynamics. However, in electrodynamics, the x and t
are no longer space-time coordinates in the transformation. They are used more frequently to represent
wavelengths, frequencies, distances, and times. The reason is that the interpretation of the Lorenz
transformation is necessarily influenced by the existence of an absolute stationary system.

At first glance, the 2.0 version of relativity is a compromise between Newton's view of absolute
space-time and Einstein's view of relative space-time, which can also be called "theory of
relativity-absolutism". However, from a philosophical point of view, it seems that this is the case.

From the perspective of physics, the 2.0 version of special relativity is the result of the in-depth
development of a scientific theory (for example, the scope of application of the relativistic effect has
been expanded to make the relative space-time view and the absolute space-time view coexists
peacefully). The 2.0 version of special relativity is not a complete denial of the 1.0 version of special
relativity (we can't deny Lorentz transformation in experiment), but rather a limitation of the scope of
application of the principle of relativity and the principle of invariance of the speed of light. The
principle of relativity can only be approximately established when the absolute velocity of the system is
low and the relative velocity of the target is high. The principle of constant speed of light can only be
that the absolute speed of photons in vacuum is independent of the motion state of the light source.

We give examples to explain the difference and relationship between "absolute velocity of the system"
and "relative velocity of the target". Two small balls collide in an absolutely moving carriage. The
absolute speed of the train is the absolute speed of the system, and the speed of the two small balls in
the carriage relative to the carriage is the relative speed of the target. The so-called target is the object
being observed or studied.

The 2.0 version of relativity uses the concept of absolute space (relativity-absolutism theory admits that
the clock slows down because of its motion, which is obviously not a simple return to Newton's
space-time view),, so it is no longer a space-time theory. A fatal shortcoming of space-time theory is
"painting the snake to fill the lily". Originally, the gravitational interaction between substances
generally occurs directly through the gravitational field. However, space-time theory believes that first
matter affects space, and then changed space restricts the motion of other substances. Changes in space
and time (mainly in space) require space to have some characteristics of physical objects. However,
space is a cavity in which any experimental particle can move unimpeded (which means there is
nothing in space). Time is defined artificially, and it has no physical characteristics (this is similar to
speed). If space itself is forcibly regarded as a special substance, it must be regarded as an energy body,
or capable of carrying and transmitting kinetic energy, potential energy, thermal energy, and even
mechanical energy and force. It is said that space can be changed, and there is no performer of change
action.
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V. GRAVITATIONAL FIELD EQUATION CONSIDERING THE MOTION EFFECT OF FIELD
SOURCE

As mentioned above, the Einstein gravitational field equation is also a field equation in the case of
stationary distribution of matter. Unfortunately, the motion of matter can produce two motion effects
that affect the interaction of gravity (or the instantaneous curvature of space-time). Einstein's
gravitational field equation does not meet the requirements. As mentioned above, version 2.0 of special
relativity considers the effect of relativistic motion effects on electromagnetic interactions.

Therefore, the way in which version 2.0 of special relativity deals with the relativistic effects of a
moving field source can be extended to general relativity.

The concept of gravitational field waves was mentioned earlier. When two small black holes synthesize
a large black hole at 1.3 billion light years from the earth, the field waves generated by the two small
black holes spinning around each other delay 1.3 billion light years before reaching the earth (Several
scientists have won Nobel prizes for detecting gravitational waves in this event). The gravitational
interaction between the earth and those two black holes was also retarded by 1.3 billion light years.
Immediate gravitational interactions are clearly affected by negligible effects. That is, for a gravitational
field source moving at high speed, the retarded effect of the gravitational field must be considered.
Formula (7) shows that the effective field caused by the retardance of the electric field can be described
by incorporating the retarded coefficient into the electric interaction coefficient .

Similar treatments can be made in the theory of gravity.If the gravitational field delay and mass
increase due to motion are considered, the Newton gravity formula is F=G(yM)m/n*r’==G*Mm/r?,
where, G*= Gn2y. Einstein's theory of gravity already includes GMm/r 2 in F=(Gn2y)Mm/r2. Thus, in
Einstein's gravitational field equation, replacing G with G* is a form that takes into account the effects
of the motion of the field source. Thus, for a substance moving at high speed, the gravitational field
equation is

871G

v 1 v v
R™ = —g" R=~(n"y) =~ Ti) (14)

If there is no relative motion between two objects in which gravitational interaction occurs, but the two
objects move in parallel in absolute space (synchronously moving in the same direction), the
gravitational equation is (15).

v_ 1 82Gy”
R~ g" R:—C—47/T(’A‘4). (15)

Einstein's gravitational theory believes that the mass distribution of matter affects the curvature of
space-time. Is the physical mechanism that the mass directly affects space-time, or does the mass of
matter first send out the gravitational field, and then the gravitational field affects the curvature of
space-time?The first is actually an unknown mechanism. If we choose the second mechanism, we will
recognize the existence of gravitational field. As long as a gravitational field exists, gravitational
interactions can occur by exchanging gravitons. Einstein's theory of gravity states that the effect of
curvature of space-time is represented by gravitation. Thus, under the second space-time bending
mechanism, the gravitational interaction of one celestial substance with other celestial substances is
twofold (one caused by gravitational field, the other by space-time bending). If you don't want to admit
this double gravitational interaction, you must either find a mechanism to shield it from gravitational
interaction caused by graviton exchange or deny that space-time can be bent. The first mechanism is
mathematical rather than physical (or physically unknown) and has no advantages.

Upgrade Theory of Relativity from Version 1.0 to Version 2.0

London Journal of Research in Science: Natural and Formal

© 2023 London Journals Press Volume 23 | Issue 5 | Compilation 1.0



London Journal of Research in Science: Natural and Formal

Theoretically, the geometrization of gravity or the bending of space-time can be used as a mathematical

way to describe gravity, regardless of whether space-time is actually bent by mass or not. That is,
geometrization of gravity does not require that space really be bendable. In other words, gravitational

geometry can be used regardless of whether space-time really bends.

Existing textbooks and network information explain gravitational waves in this way. Changes in mass
distribution result in changes in space-time curvature. This space-time ripple of space-time curvature
change is also called space-time oscillation or gravitational wave. When the mass in a space disappears
or leaves it, the space must be able to restore its flat condition. Space-time oscillations propagate
outward, requiring "the space-time oscillations conform to the law of kinetic-potential energy
conservation" and "the space-time has complete elasticity” to maintain (this is how water waves move
forward). There's a problem! Does space without solid matter carry kinetic and potential energy? If it
can be carried, what is the way to carry it? Can space be elastic without matter?If these problems
cannot be clearly addressed, space-time curvature ripples (or curvatures) cannot be considered true. In
the measurement results of gravitational waves using LIGO, the intensity of noise is far greater than the
reported measurement results. According to the general provisions of experimental theory and method,
this measurement result is extremely unreliable. If it is firmly believed that noise can be eliminated
theoretically and the measurement results are reliable, the role of subjective factors cannot be ignored
and the measurement results become theoretical results.

The above two natural paragraphs discuss the puzzlement of the formation mechanism and
propagation mechanism of space-time curvature oscillation. One way to eliminate this confusion is to
abandon the idea that time and space can be curved. As long as the curvature of space-time is not real,
the contraction of space-time is not real, and the gravitational wave caused by the change of curvature
of space-time is not real.

VI, CONCLUSION

As mentioned above, relativity version 2.0 can solve all problems that relativity version 1.0 can solve.

It no longer has the logical contradictions of special relativity in version 1.0, and can overcome the
shortcomings of "relativity in version 1.0 does not apply the relativistic effect (the motion effect of field
source) to electrodynamics and general relativity". We complete the task in the following way.

We sublate the principle of special relativity and change the principle of constant speed of light. We
have been deleted the corollary of relativity of simultaneously. The new relativistic effect of "the
effective field of moving charge is related to the moving speed of electric field source" is applied to
electrodynamics. Transform the inference that "space shrinks due to motion" into "object shrinks in all
directions due to motion". We also apply the relativistic effect of the motion of the field source to the
general relativity, and obtain a gravitational field equation of the motion field source. These research
results and whether the gravitational geometry must require the space-time to bend due to mass are
worth further discussion.

We hope that readers can compare the advantages and disadvantages of the 1.0 version of Relativity
and the 2.0 version of Relativity from two aspects of practicality and logical contradictions and judge
the value of this article.
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