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In this paper, we model the excitation energy transfer (EET) of photosystem I
(PSI) of the common pea plant Pisum sativum as a complex interacting net-
work. The magnitude of the link energy transfer between nodes/
chromophores is computed by Forster resonant energy transfer (FRET)
using the pairwise physical distances between chromophores from the
PDB 5L8R (Protein Data Bank). We measure the global PSI network EET effi-
ciency adopting well-known network theory indicators: the network
efficiency (Eff ) and the largest connected component (LCC). We also account
the number of connected nodes/chromophores to P700 (CN), a new ad hoc
measure we introduce here to indicate how many nodes in the network can
actually transfer energy to the P700 reaction centre. We find that when
progressively removing the weak links of lower EET, the Eff decreases,
while the EET paths integrity (LCC and CN) is still preserved. This finding
would show that the PSI is a resilient system owning a large window of
functioning feasibility and it is completely impaired only when removing
most of the network links. From the study of different types of chromophore,
we propose different primary functions within the PSI system: chlorophyll a
(CLA) molecules are the central nodes in the EET process, while other chro-
mophore types have different primary functions. Furthermore, we perform
nodes removal simulations to understand how the nodes/chromophores
malfunctioning may affect PSI functioning. We discover that the removal
of the CLA triggers the fastest decrease in the Eff, confirming that CAL is
the main contributors to the high EET efficiency. Our outcomes open new
perspectives of research, such comparing the PSI energy transfer efficiency
of different natural and agricultural plant species and investigating the
light-harvesting mechanisms of artificial photosynthesis both in plant agri-
culture and in the field of solar energy applications.
1. Introduction
The ability of photosynthetic oxygenic organisms to convert light energy into
chemical energy depends on a group of large membrane-bound complexes
whose coordinated activity allows the capture of photons and their conversion
into highly energetic molecules as NADPH and ATP through an electron trans-
port chain [1]. The whole photosynthetic process is driven by the biological
complexes possessing the light-capturing function: photosystem I (PSΙ) and
photosystem ΙΙ (PSΙΙ) [2,3]. It starts with the absorption of photons by PSII
that uses them to oxidize water. The oxidation of water produces oxygen and
reduces membrane-embedded quinones that are then used by the cytochrome
b6f complex to create a proton gradient across the membrane and to reduce
the small copper protein plastocyanin (PC), that is the electron donor of PSΙ.
After absorption of additional photons by PSΙ, oxidation takes place and the
removed electron migrates to reduce ferredoxin (Fd). Eventually, reduced Fd

http://crossmark.crossref.org/dialog/?doi=10.1098/rsif.2020.0813&domain=pdf&date_stamp=2020-11-11
mailto:michele.bellingeri@polimi.it
https://doi.org/10.6084/m9.figshare.c.5194156
https://doi.org/10.6084/m9.figshare.c.5194156
http://orcid.org/
http://orcid.org/0000-0002-5729-1123


lhca1

lhca1

lhca4

lhca4

lhca2

lhca2

lhca3

lhca3

RED

CAR

P700

CLA

CLB

PSI

network

thylakoid lumen

chloroplast stroma

photosynthesis

light

light

(c)(b)

(a)

Figure 1. (a) Schematic representation of the different protein complexes and the mechanisms involved in the photosynthetic process. In order, from left to right,
we find: OEC, oxygen evolving complex; PSII, photosystem II; PQ, plastoquinone pool; b6f, b6f cytochrome; PC, plastocyanin; PSI, photosystem I; Fd, ferrodoxin; FNR,
ferrodoxin NADP (+) reductase; ATP-synthase. (b) Representation of the PSI network nodes embedded in the 3D protein structure. Node colour indicates the different
PSI network chromophores as in the right figure scheme (c). The four lhcas are surrounded with dashed lines. (c) Schematic of the different nodes of the PSI
network and their connectivity. CAR (orange) can only be starting nodes, thus they have only outgoing links. We underline that every node can be the starting
point of EET, but CAR can only have outgoing links because of their higher site energy. Chlorophyll a molecules (CLA, green) can have both outgoing and ingoing
links, as chlorophyll b (CLB, blue) and red-shifted chlorophyll forms RED (red). Finally, P700 (magenta) is the point of arrival of the EET process and only possesses
ingoing links. The two P700 chlorophylls are not directly connected.
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will reduce NADP+ to NADPH that will power the Calvin
cycle to produce carbohydrates [4]. The photosynthetic pro-
cess is schematically depicted in figure 1a.

Within the light-harvesting biological complexes PSΙI and
PSΙ, light is absorbed and transferred to a reaction centre (RC)
through a highly efficient excitation energy transfer (EET) [5].
The two photosystems display a common structural organiz-
ation and two main functional moieties: a core complex,
containing the RC where the photochemical reactions occur
(called P700 for the PSI), and a peripheral antenna system
devoted to the increase in the light-harvesting capability
and to the regulation of the photosynthetic process [4,6,7].

The core complexes have been well conserved during
evolution, as most of the subunits are similar in prokaryotic
and eukaryotic photosystems and only a few are specific to
each group [8]. On the contrary, the peripheral antenna
system displays great variability, being composed of periph-
eral-associated membrane proteins in cyanobacteria, called
phycobilisomes, and integral light-harvesting complex (LHC)
membrane proteins in eukaryotic cells [9].
The light-harvesting process and the EET from the antenna
complexes to the RC are facilitated by pigment–protein com-
plexes (PPCs). In green plants (Viridiplantae), most of the
light is absorbed by the photosynthetic pigments chlorophyll a
and b, allowing efficient light harvesting and ultrafast EET
among antenna chlorophylls, leading to the quantum and
thermodynamic efficiencies that are the highest known [9,10].

Also, chlorophylls (Chls) absorbing at energy lower than
the P700 are present. Although these spectral forms (called
red form Chls) account only for a small percentage of the
total absorption, their effect in the energy transfer and trap-
ping of PSI is very prominent [11], with at least 80% of
excitation in the PSI transiting through them on their way
to the RC [12]. As red form Chls cause most of the energy
to be stored at energies lower than that of the RC, this
means that energy must travel up-hill prior to charge separ-
ation, slowing down the EET process [12]. Despite the
potentially slowing down role of the red form Chls, PSI is
known to be the most efficient light converter in nature,
with a quantum efficiency close to 1 [13,14].
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Other cofactors present in PSΙ are also involved in the pro-
cesses of light capturing, charge separation and prevention of
photodamage, as carotenes. This network of pigments, whose
absorption spectra spans a broad spectral range, is embedded
in a protein scaffold which enforces chromophores spatial
organization by holding them in a relatively rigid position
and orientation [3].

Most of the research conducted on the PSI has focused on
understanding the chemistry underlying the electron transfer
in the RC [15–21]. Nonetheless, reduced efforts have been
directed to investigate how the whole chromophores topolo-
gical structure may affect the high EET efficiency of the PSI
system [2,3].

The purpose of this research is to fill the gap, by focusing
on the global topological structure of the PSI chromophores
system. To address this point, we analysed the structural
organization of a plant PSI as a complex networked system
for EET adopting the network science viewpoint. Network
science has proven to be a powerful tool for the study of
complex systems from many different realms [22–30]. Basi-
cally, a network is a model composed by nodes (or
vertices) and links (edges), where nodes indicate the com-
ponents of the system and the links define the interactions
among them [31,32]. Here, we model the PSΙ light-harvesting
system of the plant Pisum sativum as a complex network of
nodes/chromophores describing the energy transfer links
among them.

First, we find that the PSI is a highly connected network
with very short EET pathways from the nodes harvesting
the light to the RC. Second, we discover that the capacity to
perform EET in the whole network is severely impaired
only by removing the majority of EET links. This unveils
the high resilience of the PSI system, which holds the capacity
to perform energy transfer in the whole network even reach-
ing severe conditions for its feasibility. Last, we simulate
different scenarios of chromophores malfunctioning by
removing nodes from the network using node attacks strat-
egies framework [22,33]. We find that the removal of
chlorophyll a is clearly more harmful in decreasing PSI func-
tioning, suggesting these chromophores as the key structural
component of the high efficiency EET in the PSI of the P.
sativum.
2. Methods
2.1. Network theory
A generic network (or graph) G(N, L) is composed by a set of N
nodes and L links connecting them. The network G can be
abstracted inN ×N square adjacency matrix A, where the element
aij = 1 indicates the presence of a link between node i and node j
and 0 otherwise [31]. In the case G is undirected, e.g. the links
have no directionality, the adjacency matrix is symmetrical with
aij = aji. In a directed network, the adjacency matrix is not sym-
metrical, the links own proper direction and aij = 1 stands for a
link from i to j, and aji = 1 indicates that the link goes from j to i.
In the case, the links among nodes are only present–absent, as
in G above described, the network is called binary or topological
or unweighted. Nevertheless, many real networks are naturally
weighted displaying a large heterogeneity in the capacity of the
links/connections. In fact, in weighted networks, links are associ-
ated with weight values that differentiate them in terms of their
strength, intensity or capacity [23,26,34–37]. Thus, aweighted net-
work can be abstracted by a N ×N weighted adjacency matrix W,
where the element wij > 0 in the case, there is a link of weight wij

between node i and node j and wij= 0 otherwise. Many empirical
studies have demonstrated that purely binary-topological models
are inadequate to explain the complex structure of real systems,
and that there is a need for weighted networkmodels to overcome
the simple topological description [31,32,38].
2.2. Building the photosystem Ι network
We built the PSI network of the common pea plant (P. sativum)
starting from the PDB (Protein Data Bank) entry 5L8R [4]. We
modelled PSI as a weighted directed network of N nodes/chro-
mophores and L links/FRET efficiencies. The nodes represent
chromophores with different identities, i.e. chlorophyll a, chloro-
phyll b, β-carotene and derivates, lutein, violaxanthin (figure 1b).

We distinguished the different chromophores under five node
categories, each one with a specific role in the EET mechanism:

1. P700: RC special chlorophyll pair associated with the PSI.
2. RED: red-shifted form of chlorophyll a, concentrated in the

LHCI complex.
3. CLA: chlorophyll a molecules that do not belong to P700 or

RED (PDB Ligand ID: CLA).
4. CLB: chlorophyll b molecules (PDB Ligand ID: CHL).
5. CAR: the different carotenoids are β-carotene and derivated

molecules, lutein, violaxanthin (PDB Ligand IDs: BCR, ZEX,
LUT, XAT, respectively).

To model the PSΙ network, we assumed that all chromophore
molecules can be summarized by one of their atoms. The differ-
ent types of chlorophyll molecules (PDB categories P700, RED,
CLA, CLB, altogether called Chls) are represented using their
Mg atom, a common practice in the literature [5,39]. In this
way, we found 156 Chls molecules in the PSΙ complex
(12 CLA, 134 CLA, two P700 and eight red forms). Molecules
belonging to the CAR category are long conjugated molecules
with electrons delocalized in the entirety of the molecule, thus
the internal processes are much faster than the external ones
(i.e. energy transfer) [40]; for this reason, we consider each
CAR as a point/node object delivering energy in the system.
We chose the C15 carbon, located in the middle of the molecule,
to represent the CAR chromophores. Thirty-six nodes belong to
the CAR category. Altogether, we obtain a PSI network with a
total number of nodes N = 192 (table 1).

The feasibility of the energy transfer among a nodes/
chromophores in the PSI depends on their nature [41,42]. For
this reason, the link directionality connecting nodes in the PSI
network also depends on the different nature of the connected
chromophores. To assign link directions among chromophores,
we followed the energy scheme reported by Croce and Van
Amerongen [41] (figure 2). Based on the directionality of the
links, we have nodes with outgoing link only (CAR), nodes
with incoming links only (P700) or nodes with both directional-
ities of the links (CLB, CLA, RED). Consequently, some types of
links among nodes/chromophores types are forbidden: CLA→
CAR, CLB→CAR, RED→CLB, RED→CAR, CAR→CAR.

To assign link weights, we assumed that the underlying
mechanism of energy transfer (EET) between all the nodes/
chromophores is represented by Forster resonant energy transfer
(FRET) [43]. FRET contributes to most of the EET acting as a
good approximation to investigate energetic coupling of the
underlying spatial organization of the chromophores [44,45].
For the sake of simplicity, we, therefore, assumed that the distance
between chromophores is the only parameter affecting the transfer
efficiency between them. This approximation is motivated by the
fact that the distance between chromophores affects the efficiency
of energy transfer in inverse proportion to its sixth power,
while the orientation affects only about three times. Future



Table 1. Summary of the different nodes/chromophores of P. sativum PSΙ network.

molecule identity (PDB ligand ID) node category number biological function link direction

–β-carotene (BCR)

–β-carotene and β-carotene derivates (ZEX)

–lutein (LUT)

–violaxanthin (XAT)

CAR 36 photodamage protection;

lower wavelength absorption;

energy transfer

outgoing

chlorophyll a (CLA) CLA 134 energy transfer outgoing + ingoing

chlorophyll b (CHL) CLB 12 light harvesting;

wider harvested light spectrum;

energy transfer

outgoing + ingoing

red form chlorophylls RED 8 long wavelength absorbing spectral form

of chlorophylls; wider harvested light spectrum;

energy transfer

outgoing + ingoing

P700 P700 2 reaction centre of PSI,

special pair of chlorophylls

ingoing

CLB

CAR

CLA

RED

P700

energy

Figure 2. Energy scheme and possible connections between nodes used for
the construction of the PSI network, figure adapted from Croce and van
Amerongen [41].
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investigations may expand the model presented here by including
the quantum mechanical dynamics to model the EET of the PSI.

Link weights are assigned using the FRET efficiency:

Eij ¼ 1

1þ ðrij=R0Þ6
, ð2:1Þ

where Eij is the FRET efficiency of the link connecting nodes i and
j, R0 is the Forster distance between i and j and ri,j is the physical
distance between the nodes. All pairwise physical distances
between nodes can be calculated directly from their PDB spatial
coordinates. The value of R0 changes according to the nature of
the connected nodes i and j. The values of R0 between CLA→
CLA, CLA→ P700, CLB→CLA, CLB→ P700, CAR→CLA and
CAR→ P700 have been obtained directly from the literature
[45–48]. The R0 of all CAR molecules towards other types of
chromophores is approximated by the R0 of BCR [48]. R0 for
CLA→CLB is calculated considering that the Forster rate of
CLA→CLB is approximately 1/16 of CLB→CLA [41]. R0 for
RED→CLA and RED→ P700 was derived from Cinque et al.
[49]. For other R0 without an experimental value from the litera-
ture, we made the following assumptions, based on the
similarities between the chromophores involved in the links:
— CLA→RED, RED→RED are the same as CLA→CLA and
CLA→ P700.

— CLB→CLB, CLB→RED are the same as CLB→CLA and
CLB→ P700.

— CAR→CLB, CAR→RED are the same as CAR→CLA and
CAR→ P700.

In table 2, we resume the different R0 values with references.
We located the red form chlorophylls corresponding to the

A5 and B5 positions of each lhca of the PSI complex in the
5L8R PDB (using the naming convention proposed by Kühl-
brandt [51]) as these positions were suggested to be associated
with red-shifted absorption spectra by Morosinotto et al.
[52,53]. To give an example, we depict the red form chlorophyll
A5 and B5 of the lhca2 in electronic supplementary material,
appendix, figure SA1.
2.3. The cut-off distance
The links in the PSI network are associated with different FRET
efficiencies as a function of the nodes’ pairwise distance in the
PDB structure. The closer the nodes, the higher the link weight
(FRET efficiency) joining them. We defined the cut-off distance
(CD) as the distance between two nodes over which we
assume the link between them absent because the associated
FRET efficiency computed by equation (2.1) is too low. By lower-
ing the CD parameter, we keep only those links with lower
associated pairwise distance (and higher FRET efficiency)
between the nodes. Using this parameter, we can build different
networks from the original PSΙ network with different number
of links as a function of their FRET magnitude. In other terms,
starting from the network where all possible links are drawn,
when lowering the CD, we operate a removal of the links of
higher distance (lower weight) maintaining the links of shorter
distance (higher weight). We created 10 networks using the fol-
lowing CD values: NO cut-off, 90, 80, 70, 60, 50, 40, 30, 20 and
10 Å.
2.4. Measures of network functioning
2.4.1. The largest connected component
The largest connected component (LCC) is awidely usedmeasure
of the network functioning [22,50,54]. The LCC is also known as



Table 2. R0 among the different types of nodes/chromophores with
references.

from to R0 (Å) reference

CLA CLA 90 [45,46]

CLA CLB 5 [50]

CLA RED 90 as CLA→ CLA [45,46]

CLA P700 90 [45,46]

CLB CLA 100 [47]

CLB CLB 100 as CLB→ CLA [47]

CLB RED 100 as CLB→ CLA [47]

CLB P700 100 [47]

RED CLA 10 [49]

RED RED 90 as CLA→ CLA [45,46]

RED P700 10 [49]

CAR CLA 21.7 [48]

CAR CLB 21.7 as CAR→ CLA [48]

CAR RED 21.7 as CAR→ CLA [48]

CAR P700 21.7 [48]
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giant component and it accounts for the highest number of con-
nected nodes in the network. We compute two types of LCC, by
considering the weakly largest connected component (LCCweak)
and strongly largest connected component (LCCstrong). The
LCCweak represents the largest number of nodes in the network
in which every node can reach any other by an undirected path.
Differently, the LCCstrong represents the largest number of nodes
in which every node can reach any other node by a directed
path [31].

2.4.2. Network efficiency
Eff is a widely used measure of network functioning evaluating
how efficiently the network exchanges information [24,55,56]. Eff
is based on the shortest paths (SP) notion. A path is a sequence of
links connecting two nodes in the network; a binary shortest path
between a pair of nodes is the minimum number of links that we
have to pass travelling between the nodes [57]. Differently, the
weighted shortest paths (wSP) consider both the number of links
and theweight attached to them. To calculatewSP,we first compute
the inverse of the link weights; then we compute the wSP as the
minimum sum of the inverse link weights necessary to travel
among nodes [31,38].

The average efficiency of the network is then defined:

Eff ¼ 1
N � ðN � 1Þ

X

i=j[G

1
dði, jÞ, ð2:2Þ

where di,j is the shortest path between node i and node j, the longer
the SP among nodes, the lower the efficiency of the network. The
efficiency can be computed for undirected and directed networks
when considering undirected and directed SP, respectively. Fur-
thermore, the Eff can properly evaluate binary and weighted
networks; in the case, network is weighted, di,j indicates the
weighted shortest path between nodes i and j. Since the PSI is a
weighted and directed network, we used the weighted and
directed Eff.

2.4.3. The number of connected nodes to P700
CN signifies the number of connected nodes to P700 through a
path. This new measure we introduce here indicates how many
nodes in the network can actually transfer energy to the P700
RC. The energy can flow from the node to P700 directly
(through one link) or indirectly (the energy flows to P700 in
many steps, i.e. passing over different nodes). In other words,
CN accounts the number of nodes/chromophores that can prop-
erly contribute to PSI functioning. For comparison, the number
of nodes directly connected (one link) to P700 is computed
(1-step paths to P700).

2.5. The PSI network properties
We analysed the PSΙ system using well-known notions from net-
works science. Node degree (k) is the total number of links to the
nodes [31]. We also computed number of ingoing links, i.e. the in-
degree (kin) and the number of outgoing links, the out-degree
(kout). Node strength (S) is the sum of the link weights to the
nodes [56]. The strength of a node is the weighted counterpart
of the node degree (k). Analogously, we can compute the ingoing
strength (Sin) and the outgoing strength (Sout). Node betweenness
centrality (BC) is a widely used measure of nodes centrality based
on SP. The BC of a node is the number of the SP between all nodes
pairs that pass through that node [31,58]. Here, we adopt both the
binary BC and the weighted version of the BC of the nodes
(BCw). The BCw is computed using the wSP. The BCw of a
node accounts the number of wSP from any couple of nodes pas-
sing along that node. The higher is the BCw of a node, the higher
is the number of wSP passing along it (and the more central is the
node). δ centrality: the node δ centrality signifies the decrease of
the Eff triggered by the removal of that node from the network
[55]. The higher the δ, the higher the contribution of the node
on the Eff.

2.6. The nodes removal simulations
We simulated different node removal (attack) processes over the
PSΙ network [22,33,59]. Removal of nodes from the PSΙ network
may describe functionality loss of the chromophores, which can
be due by ageing, disease, pollution or others [3]. The node
removal processes (strategies) can be divided in two main classes.
The first is the selective removal of a certain type of node/
chromophore, that is an attack towards specific PSI nodes. Thus,
selective node removal of the LHCI randomly removes nodes
only from the LHCI ensemble that is composed of 68 nodes; the
selective node removal of Chls randomly removes nodes from
the Chls (156 nodes); for the CAR, we randomly removed only
carotenoids nodes (36 nodes) and so on. Then for each selective
removal, we performed the control experiment by randomly
removing the same number of nodes from the entire network
(for example, the Rand Control for the CAR removed 36 nodes
from the whole network). Control node removal represents the
benchmark comparison for the harm to the PSI network
triggered by the selective node removal strategies.

We measured the functioning of the network during the node
removal process using the Eff (figure 3c) and the LCCweak. Since
the random removals are stochastic processes, we average the out-
comes from 103 simulations. The average damage triggered in the
system by the selective PSΙ nodes removal (CAR, Chls, LHCI, etc.)
is then compared with the average damage induced by the
random removal (Control) of the same number of nodes. In this
way, we can discriminate the importance of the different types of
nodes/chromophores.

2.7. The robustness of the network
When nodes are removed from the network, the PSI system loses
nodes/chromophores and the EET paths passing on them, with a
consequent system functioning decrease (figure 3a,b). We can
assess the system damage resulting from node removal according
to the functioning measures. The more important the nodes
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Figure 3. (a) Example network where nodes/chromophores perform EET towards the RC; (b) this network represents the network (a) after the removal of three
green nodes (CLA), where we can see the elongation and the disruption of the EET paths and the consequent network functioning decrease; (c) functioning efficiency
measure (Eff ) as a function of the fraction of nodes removed (q) for two hypothetical different attack strategies; the red strategy triggers a faster efficiency (Eff )
decrease than the blue strategy and the network robustness area below the red curve is lower than the one below the blue curve. (d ) The robustness (REff ) of the
efficiency computed for the two strategies. The bar robustness REff corresponds to the area below the curve in the left chart (c); REff value is normalized by the max
value, e.g. by REff of the blue strategy.
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removed from the network, the steeper the decrease in the
network functioning measure. For example, in figure 3c, the
red removal strategy identifies more important nodes causing a
steeper decrease in the Eff with respect to the blue strategy. To
compare the response among node removal strategies, we
resumed the outcome in a single value defined network robust-
ness (R), depicted by the bar plots of figure 3d. The value of R
corresponds to the area below the curve of the system function-
ing measure subjected to node removal. We referred to REff

and RLCC when the network functioning is evaluated by the
Eff and LCC, respectively. All the calculations have been per-
formed using Matlab (2019b) and R (v. 4.0.2). The biological
images of the PSI were created using Pymol software (v. 2.4.0).
3. Results
3.1. The network properties
In table 3, we resume the PSΙ network properties for each CD
value. The number of links L, average nodes degree 〈k〉 and
average nodes strength 〈S〉 linearly decrease lowering CD
(figure 4). The nodes degree k ranges in the interval 0 < k <
307. The nodes degree distribution is a two values distribution
with k = 307 as the most frequent value for NO CD, a bell-
shaped distribution of decreasing mean from CD= 90 Å to
CD = 20 Å, a Poisson-like distribution with most of the
values approaching the k = 0 for CD = 10 Å (electronic sup-
plementary material, appendix, figure SA2). The node
strength distribution follows the node degree distribution pat-
terns indicating a node’s degree/strength coupling (electronic
supplementary material, figure SA3). The average link weight
Ew shows a slow increase lowering CD (figure 4); the link
weight distributions are skewed to the leftwithmany links pre-
senting weight 1 and a few links of lower weight (electronic
supplementary material, figure A4). The Eff remains roughly
constant by decreasing CD from NO CD to CD = 70 Å; after
this value, we find a more pronounced Eff decrease reaching
the minimum for CD = 10 Å (figure 4). LCCweak spans the
whole network with N = 192 nodes up to reach CD = 20 Å
(figure 4). LCCstrong holds the values N = 154 up to reach
CD = 20Å (figure 4). Investigating the PSI network properties
for CD < 20 with finer-grained tuning, we find that the critical
threshold to have the LCCweak and LCCstrong collapse is CD =
14 Å and below this value, the LCCs quickly drop to quasi-
zero (electronic supplementary material, figures SA5 and
SA6). We find 192 nodes connected to the P700 (CN) and
this number holds constant up to reach CD = 20Å (figure 4).
Only for CD = 14Å, CN quickly drops to zero (electronic sup-
plementary material, figure A7). It is worth noting that for
LCCweak, LCCstrong and CN measures, the critical CD value
is 14 Å, below which the measures quickly collapse. Differ-
ently, we find that the number of 1-step paths to P700
follow a more linear and faster decrease even as CD= 80 Å
(figures 4 and 7).

3.2. The properties and connectivity of the different
nodes/chromophores

The Chls show the highest degree and out-degree (figure 5,
panels k and kout), BC (figure 5, panels BC and BCw), strength
and out-strength (figure 5, panels S and Sout) and δ centrality
than all the others types of nodes/chromophores; P700 has
the highest in-degree (panels Kin) and in-strength (panels Sin)
(figure 5); the LHCI values are found ranging between the
Core and the P700 for most of the analysed node properties
(figure 5).Chls show thehighest degree and in-degree (figure 5,
panels k and kin), BC (figure 5, panels BC and BCw), strength
(figure 5, panels S and Sin) and δ centrality than all the other
types of nodes/chromophores (figures 5 and 6). More
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Table 3. PSI network features for each CD value. 〈kin〉, average nodes in-degree; 〈kout〉, average nodes out-degree; 〈k〉, average nodes degree; 〈Sin〉, average
in-strength; 〈Sout〉, average out-strength; 〈S〉, average node strength; L, total number of links; LCCstrong, strongly largest connected component; LCCweak, weakly
largest connected component; Eff, global network efficiency; Ew, average link weights; CN to P700, number of connected nodes to the P700; 1-step paths to
P700, number of 1-step paths from any node to P700.

CD 〈kin〉 〈kout〉 〈k〉 〈Sin〉 〈Sout〉 〈S〉 L LCCstrong LCCweak Eff Ew

CN to

P700

1-step paths

to P700

10 Å 0.74 0.74 1 0.73 0.73 1.45 142 4 6 0 0.98 0 0

20 Å 7.06 7.06 14.11 6.37 6.37 12.74 1355 154 192 0.18 0.9 190 7

30 Å 18.86 18.86 37.72 15.86 15.86 31.72 3621 154 192 0.29 0.84 190 30

40 Å 33.7 33.7 67.41 27.11 27.11 54.21 6471 154 192 0.37 0.8 190 60

50 Å 50.74 50.74 101.48 39.5 39.5 79 9742 154 192 0.43 0.78 190 89

60 Å 68.85 68.85 137.7 52.11 52.11 104.23 13219 154 192 0.48 0.76 190 118

70 Å 86.16 86.16 172.31 63.19 63.19 126.38 16542 154 192 0.51 0.73 190 154

80 Å 101.58 101.58 203.17 71.44 71.44 142.88 19504 154 192 0.53 0.7 190 182

90 Å 116.67 116.67 233.34 77.86 77.86 155.73 22401 154 192 0.53 0.67 190 190

NO CD 153.07 153.07 306.15 85.41 85.41 170.81 29390 154 192 0.53 0.56 190 190
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specifically, the Chla nodes present the highest BC, S and δ cen-
trality than all the other types of nodes/chromophores and
other types of Chls. CARs show the highest out-degree
(figure 5, panel kout), similar to the Chls nodes. Considering
the connectivity between different subunits of the PSI, we
find a higher number of intra-Core links (greater than 11 000)
than LHCI-Core links (approx. 6500) for CD = NO and this
advantage holds for all CDs (figure 7b); conversely, we find a
lower number of intra-LHCI links (approx. 4000) than LHCI-
Core links (approx. 6500) for CD > 60 Å, whereas for CD < 60
Å, the pattern is opposite and the number of intra-LHCI
links becomes higher (figure 7b); we find that the Core shares
120 directed paths (1 directed link) to the P700 for CD =NO
and this number remains roughly constant up to reach CD =
60 Å, and after this value shows a slow decrease (figure 7a);
we find that the LHCI has approximately 65 directed paths to
the P700 for CD = N0 with a faster decrease for CD > 80 Å
(figure 7a).

3.3. Nodes removal
3.3.1. Carotenoids
Rand CAR induces less average damage to the Eff (higher REff )
of the PSΙ network than the random removal control (Rand)
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(figure 8). The Rand CAR shows roughly 15% fewer REff than
Rand. This difference between theREff values decreases by low-
ering CD. The lower damage triggered by CARs holds with
various differences even when investigating each type of caro-
tenoid node individually (figure 10). We find that the highest
difference is between intentional removal and the control for
the β-carotene nodes (BCR). Differently, when measuring the
robustness with the RLCC, Rand CAR induces the same average
damage to the LCCweak than Rand (electronic supplementary
material, figureA22).Only forCD= 10Ådowe findadifference
between the RLCC values of Rand CAR and Rand, with Rand
CARtriggeringhigherdamage than the controlRand (electronic
supplementary material, figure SA22).
3.3.2. Light-harvesting complexes I
Random removal of LHCI (Rand LHCI) causes less damage to
Eff (higher REff) than the random removal control (Rand) for
all CDs (figure 8) and for each LHC when analysed
individually (electronic supplementary material, figure A21).
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Differently, the Rand LHCI induces slightly higher average
damage to the LCCweak (higher RLCC) than Rand for all CDs
except for CD= 10Å (electronic supplementary material,
figure SA22). Even when analysing each lhca individually, the
Rand LHCI induces slightly higher average damage to the
LCCweak (higher RLCC) than Rand for all CDs, except for lhca3
(electronic supplementary material, figure SA23).
3.3.3. Chlorophylls
Random removal of Chls (Rand Chls) causes more damage to
Eff (lower REff) than the random removal control (Rand)
(figure 8). The REff obtained by Rand Chls is ca 15% lower
than that induced by the Rand. When analysed individually,
we find that the Rand chlorophyll a triggers higher damage to
Eff than the control except for CD= 10 Å (figure 9), whereas
for the other Chls type, i.e. chlorophylls b and red forms, the
pattern is opposite and the intentional removals (Rand CLB
and Rand RED) trigger lower damage to Eff than the control
(Rand). Rand Chls causes more damage to LCCweak than the
control Rand (electronic supplementary material, figure
SA22). This difference is less pronounced for CD= 10 Å.
We find that for the Chls type analysed individually,
the intentional removal triggers the same damage to the
LCCweakwith respect to the controlRand; only removal of chlor-
ophyll a (Rand CLA) triggers highest damage to the LCCweak

than the control Rand for CD< 30 Å (electronic supplementary
material, figure SA24).
4. Discussion
4.1. Network properties
The Chls nodes show the highest degree (k and kout) among
all other types of chromophores, i.e. they share the highest
number of links in the network (figures 5 and 6). This
indicates that the Chls of the PSI network are the major com-
ponents in the global energy transfer and it is confirmed by
their highest BC for all CDs (figures 5 and 6). In particular,
the chlorophyll a nodes (CLA) show the highest BC (both
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BC and BCw) among Chls. The nodes with highest between-
ness are the articulation points routing the shortest and the
most efficient energy transfer paths in the network [31]. As
a consequence, these findings demonstrate that the Chls
(and especially the chlorophyll a nodes) are the ‘highest con-
nected’ and ‘most central’ components in the PSI network of
the P. sativum, corroborating previous outcomes from the lit-
erature showing that the primary function of the Chls is to
enhance the EET efficiency in the system [4,5].

Furthermore, chlorophyll a nodes have the highest node
strength S value, followed by chlorophyll b nodes and red
formChls, both almost at the same level (figure 6). The strength
(S) is the sum of the link weights to the node, and to present
higher S indicates that the CLA nodes share many links of
higher FRET efficiency. Then, regarding the directionality of
the link weights, we observe that chlorophyll b nodes have the
highest Sout, the red form Chls have the highest Sin, while
CLA nodes have intermediate values in both measures. Even
these findings suggest that chlorophylls a are the most central
chromophores playing the important role of articulation
points of theEETprocess inPSI.On theotherhand, chlorophylls
b nodes (CLB), showing higher outgoing link weights (Sout),
would play the role of important EET outgoing energy transfer
spreaders towards other chromophores, similarly to the role
played by CAR nodes. While both chlorophylls b and carotenes
transfer energy within the PSI [60], these outcomes, from a net-
work science viewpoint, would show that the primary function
for these chromophores is not being central and pivotal nodes
for the EET in the PSI of the P. sativum. Differently, the red
form Chls (RED) show highest Sin, indicating the higher EET
towards these nodes, and almost zero Sout, showing quasi-zero
EET flowing out of the red form chlorophylls (figure 6). These
outcomes would describe the red form Chls as important
energy transfer receivers with negligible activity in transfer
energy towards other nodes/chromophores, and noteworthy,
they corroborate the hypothesis indicating the red-shifted Chls
as energetic wells in the EET mechanisms of the PSI system,
with a role in slowing down of the EET process [12,61]. For
this reason, we support the hypothesis that the red form Chls
primary function would be different from chlorophyll a, e.g.
to increase the absorption of longer wavelength and widen
the light harvested spectrum of PSI [62]. We outline that these
discoveries focusing on the relationship between function and
the topological role of the different chromophores in PSI, even
carried out with our seminal network model of PSI, recover
the main results regarding chromophore function from the lit-
erature [63].
4.2. Feasibility of the PSI EET
When lowering the CD, nodes require a shorter pairwise dis-
tance to perform FRET. In other terms, when lowering the
CD, we progressively remove the weak links of lower FRET
efficiency from the network and keep only the most efficient
and most probable ones (strong links). The strong links con-
necting chromophores at the lowest CD values can be
viewed as the most ‘feasible FRET’ energy transfer, i.e. the
energy transfer links with higher likelihood to occur. We dis-
cover that lowering the CD, the number of energy transfer
links (L) in the PSI linearly decreases (figure 4). The loss of
links among nodes causes both the loss and the elongation
of the EET paths within the PSI network and the consequent
decrease in its Eff (figure 4). Hence, when lowering the CD,
the PSI system experiences a reduction in the Eff, while the
maximum number of connected nodes/chromophores LCC
holds constant down to CD = 14 Å. Also, the number of
nodes connected by paths to the P700 RC (CN) holds constant
down to CD = 14 Å. This indicates that only for CD = 14 Å,
the links are not enough to connect the nodes, the network
nodes lose many energy transfer paths and the nodes/chro-
mophores are unable to perform the energy transfer to the
RC, thus impairing PSI functioning. These outcomes give
us information about the whole feasibility of the PSI EET
functioning, showing that the Eff is negatively affected by
lowering CD; even so, the possibility to perform FRET in
the whole network is severely impaired only reaching the
lowest values of CD. The FRET appears to have played the
role of a design constraint shaping the evolution of photosyn-
thetic organisms and had profound influence in shaping their
architecture [44,45,64]. Our model can shed light on the struc-
tural evolution of the PSI, showing how the PSI network
formed by FRET links is a very resilient system with a large
‘window of feasibility’, holding the capacity to perform the
energy transfer in the whole network even when deprived
of the most of FRET links.
4.3. Connectivity among different PSI subunits
When analysing the connectivity among different subunits of
the PSI complex network, we find a far greater number of
intra-CORE links connecting the nodes/chromophores belong-
ing to the CORE showing how spatially closer are the nodes in
the CORE with respect to other subunits (figure 7). Further-
more, we find that for higher CD values, there is a higher
LHCI-CORE linkage density than intra-LHCI. Only decreasing
CD below to CD= 60 Å, the intra-LHCI and the LHCI-CORE
links densities become comparable, and for CD= 60 Å, the net-
work is formed by FRET links shared in similar number in
LHCI-CORE and intra-LHCI links (figure 7). These findings
show that lowering the CD produces a faster decrease in the
LHCI-CORE links with small effect in decreasing the intra-
LHCI links. On the one hand, this indicates that LHCI are
spatially closer among them than they are with the CORE
Chls. On the other hand, this shows that the intra-LHCI links
are stronger links of higher FRET whereas a significant
amount of LHCI-CORE connections are weaker links of lower
FRET efficiency.

It is arguable that the more the FRET links perform energy
transfer in the PSI network, the higher the PSI system function-
ing level. In the case only the strong links among closest
chromophores (i.e. CD < 60Å) are performing the energy trans-
fer, the PSI system should be in a lower level of functioningwith
respect to the case of all the FRET links (also the weaker links)
performing energy transfer. For these reasons, we can call
these stronger, higher probable links held in the network for
lower CD values (CD< 60 Å) the ‘low functioning regime
links’, to indicate that they would be the only active energy
transfer links when the PSI is at lower level of functioning. Con-
versely, when tuning higher CD (CD> 60 Å), we keep lower
FRET efficiency links that we can consider working together
with the strong links when the PSI is at higher level of function-
ing. We call these weaker FRET links for CD> 60 Å, the ‘high
functioning regime links’, thus denoting that they would be
active and feasible energy transfers when the PSI system is at
higher level of functioning. Following the above distinction of
the PSI links, our findings would describe a PSI system
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composed by higher probable intra-LCHI links (CD< 60 Å),
that we hypothesize are the ‘low functioning regime links’
when the PSI is at lower level of functioning, and a large
amount of weaker, less probable LHCI-CORE links, i.e. the
‘high functioning regime links’ (CD > 60 Å) that we may
argue to be active when the system is at higher level of
functioning.

4.4. The nodes/chromophores attack
The aim of the node removal (attack) strategy simulations
was to mimic the loss of functionality of the chromophores
of the PSΙ network, giving us information on how different
network nodes/chromophores contribute to the functioning
efficiency of the overall system [2,3]. In normal conditions
when chromophores lose their functionality, they are readily
substituted in the turnover process [65,66]. In the case the
turnover machinery is impaired, the system loses chromo-
phores making the photosystem functionality deteriorate
progressively. The decrease in the number of chromophores
in photosynthesizing organisms may be the result
of genetic mutations, chemical damage, pollution [67] and
the changing environment of the chromophores [3]. The
reduction in Chls number (or functionality) can also be
associated with natural phenomena as the yellowing of senes-
cing leaves and autumnal colour changes in the foliage of
deciduous trees, but also in seeming evergreens, such as
ferns and algae [68] and leaf ageing [65].

Removing a node/chromophore in the PSΙ network would
affect the system in twoways. On the one hand, it removes one
entry gate for light from the system, thus lowering the light-har-
vesting capacity. On the other hand, it removes all the links
relating to that node/chromophore breaking up the paths for
the FRET passing into that node. Path disruption triggers both
the lengthening of the energy transfer distance and the decrease
in the number of the EET paths among nodes; the combination
of these effects triggers a decrease in the Eff (figure 3).

We observed that the removal of nodes corresponding to
carotenoid molecules (CAR) induces lower average damage to
the network functioning (Eff and LCC) than the control
randomnodes removal (figure 8). In fact, CAR are nodes posses-
sing only outgoing links and have the lowest BC, not playing the
role of halfway hubs for the FRET paths in the network. Thus,
their removalwill not inducea significantFRETpathsdisruption,
resulting in a lower networkefficiency decrease. This outlines the
importance of small carotenoids for the structural efficiency
of the EET, and relegating their main role for other important
functions, as broadening the spectrum of absorbable light and
photo-protection [5].

Similarly, we find that random removal of nodes belonging
to LHCI causes lower average damage to network functioning
(Eff) than the random control (figure 8). As for carotenoids,
LHCI nodes show low BC (figure 5), indicating their minor
role for routing the SP in the network and consequently the
lower damage to the PSI Eff caused by their removal. For this
reason, we argue that LHCI plays a major role in increasing
the PSI absorption cross-section as proposed by the authors in
[63,69] but not in the efficiency of the EET of the PSI, that is
mainly given by the CORE.

Differently, we find that the random removal of Chls triggers
the greatest decrease in the network functioning (Eff and LCC)
(figure 8; electronic supplementary material, figure SA22) and
the single removal of Chls triggers the highest decrease in Eff
than all the other types of nodes (δ indicator in figures 5 and
6). Further, when discriminating the damage induced by each
different type of Chls, we find that chlorophyll a causes the high-
est decrease in the PSI network functioning efficiency (CLA row,
figures 9 and 10). To note, chlorophyll a induces clearly higher
damage even than the other Chls type, i.e. chlorophyll b and
red form Chls. The higher damage to the system EET induced
by the removal of chlorophyll a may be explained with their
peculiar embedding within the structure of the PSI network.
Chlorophyll a shows the highest node BC, i.e. these nodes are
crucial articulation points for the FRET SP among the network
nodes (CLA, figure 6). Their removal breaksupmanyhigher effi-
ciency FRET paths causing greater damage to global energy
transfermeasured by theEff, raising chlorophyll a as the key net-
work componentdirectly involved in the increase inEETof theP.
sativum PSI, confirming by means of network theory previous
results from experimental analysis [63,70,71].
5. Conclusion
In this paper, wemodelled the PSI of the P. sativum as a complex
interacting network. First, we discovered that progressively
removing the weaker FRET links decreases the Eff, while the
node connectivity is still preserved. This finding would unveil
a large window of feasibility of PSI functioning, in which the
photosynthetic process is completely impaired only losing
almost all the links in the network. In other terms, the PSI net-
worked system would be highly resilient to the malfunctioning
of FRET links. Second, we discovered that chlorophyll a removal
triggers the fastest functioning decrease, indicating these chro-
mophores of the PSI network as the main actor boosting the
EET. Since the nodes removal simulates the chromophores mal-
functioning, caused, for example, by the senescing leaves,
biological diseases, pollution, chemical damage or others [68],
the PSI energy transfer efficiency would be more vulnerable to
chlorophyll a functionality loss. For these reasons, considering
all types of chromophores of the PSI, the use of network science
presented here shows that chlorophyll a is the key contributor to
the EETefficiency, while other chromophores (chlorophyll b and
carotenoid molecules) have different primary functions. The
coherence of these resultswith the literature and the new insights
on the PSI EET structure justifies the use of network theory to
study photosynthetic systems, even with approximated, non-
quantummodels. The outcomes presented here open promising
new areas of research, for example, building and comparing the
energy transfer efficiency of the PSI network of different natural
and agricultural plant species, or improving the light-harvesting
mechanisms of artificial photosynthesis both in plant agriculture
[70,71] and in the field of solar energy applications [72].
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